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Substâncias naturais extraídas de plantas têm propriedades funcionais que as tornam 
preferíveis em relação às substâncias sintéticas, havendo grande interesse para aplicação 
farmacológica e na elaboração de bioprodutos. Técnicas de extração, como a que utiliza fluidos 
supercríticos, vêm se destacando por proporcionarem a obtenção seletiva de compostos 
bioativos com elevada qualidade. No campo da tecnologia supercrítica, pesquisas são 
desenvolvidas para aumentar o rendimento de extração através da alteração de condições de 
processo, como pressão e temperatura. No entanto, há a necessidade de discriminar mais a 
influência tecno-econômica de outras variáveis, como a geometria do leito de extração. Em 
vista disso, realizou-se a avaliação técnica da extração com CO2 supercrítico de compostos 
bioativos de cravo-da-índia e alecrim em uma unidade de extração laboratorial constituída por 
dois extratores de 1 L com diferentes razões de altura do leito (HB) pelo diâmetro (DB), sendo 
para o extrator 1 (E-1) a razão de 7,1 e para o extrator 2 (E-2) a razão de 2,7. Dois critérios 
utilizados para mudança de geometria e aumento de escala foram aplicados, consistindo em: (1) 
manutenção da velocidade intersticial do solvente igual em ambas as geometrias; e (2) 
manutenção da razão de massa de solvente por massa de matéria-prima (S/F) igual em ambas as 
geometrias para um determinado tempo de processo. De acordo com os resultados cinéticos de 
rendimento de extrato e composição química, o critério (1) não se mostrou indicado para ser 
aplicado em processos de extração com fluidos supercríticos (SFE) de compostos de cravo-da-
índia. O critério (2) mostrou-se apropriado para a obtenção de óleo volátil de cravo-da-índia, 
pois houve igualdade nos perfis das curvas de extração em E-1 e E-2, avaliados em termos de 
parâmetros cinéticos como taxa de transferência de massa, duração dos períodos de taxa 




rendimento de extrato e razão mássica de soluto no solvente. No entanto, o critério (2) não se 
mostrou adequado para a obtenção de compostos bioativos de alecrim, sendo que o leito de 
extração E-2 proporcionou rendimentos até 86 % maiores em relação ao E-1, sendo a diferença 
mais notória no final do período FER. Houve diferença também no custo de manufatura (COM) 
dos extratos de alecrim simulado pelo SuperPro Designer 8.5®, sendo 23 % menor em E-2 do 
que em E-1 para uma planta industrial com 2 extratores de 100 L. Com relação ao alecrim, 
terpenoides majoritários como 1,8-cineol e cânfora foram extraídos com CO2 supercrítico. No 
entanto, alguns compostos fenólicos foram extraídos em pequena quantidade (ácido carnósico) 
ou nem foram extraídos via SFE (ácido rosmarínico). Logo, o conceito de intensificação de 
processos foi utilizado para facilitar a extração das duas frações presentes em alecrim. O 
processo consistiu em extrair inicialmente a fração rica em terpenoides com CO2 supercrítico 
(SFE-CO2) e logo após, no mesmo equipamento e sem desempacotar o leito, a fração rica em 
terpenos fenólicos foi extraída com água líquida pressurizada (PWE). Com isso, 
aproximadamente 2,5 % (m/m, base seca) de óleo volátil contendo terpenoides e 18,6 % (m/m, 
base seca) de extrato não-volátil contendo terpenos fenólicos foram obtidos em frações 
separadas. Um método analítico para quantificação de terpenos fenólicos por cromatografia 
líquida de alta eficiência foi desenvolvido e validado, com tempo total de análise de apenas 
10 min. O custo operacional anual de uma planta produtiva instalada no Brasil com 2 extratores 
de 100 L foi simulado para os processos SFE-CO2 + PWE para obtenção de compostos de 
alecrim. O aproveitamento maior da matriz vegetal para a obtenção diversificada de compostos 
bioativos permitiu a redução em 28 % dos custos anuais de produção em relação ao processo 
SFE-CO2. 
Palavras-chave: fluido supercrítico, intensificação de processos, geometria de leito, eugenol, 





Natural substances extracted from plants present functional properties which are 
preferable against the synthetic ones, being useful in formulating bioproducts and in the 
pharmaceutical area. Novel extraction techniques, as the use of supercritical fluids, are 
acquiring notoriety by providing the selective extraction of bioactive compounds with high 
quality. In the supercritical technology field, researches are performed to increase the 
extraction yield by changing process conditions (i.e., pressure, temperature). However, 
there is a need for further techno-economic discriminations about the influence of other 
variables, as the bed geometry. Thus, we performed the evaluation of the supercritical CO2 
extraction of clove and rosemary bioactive compounds using a laboratory equipment 
containing two extractors of 1 L with different height (HB) to bed diameter (DB) ratios. Bed 
1 (E-1) and 2 (E-2) present HB/DB ratios of 7.1 and 2.7, respectively. Two criteria used for 
geometry shift and scale up were applied: (1) maintaining the solvent interstitial velocity 
equal in both bed geometries; and (2) maintaining the solvent mass to feed mass (S/F) ratio 
equal in both bed geometries for a fixed processing time. According to the kinetic results of 
extraction yields and chemical composition, the criterion (1) is not indicated for 
supercritical fluid extraction (SFE) of rosemary compounds. Criterion (2) is suitable for 
obtaining clove extract, because the extraction curves profiles were similar in E-1 and E-2. 
We evaluated the extraction curves in relationship to kinetic parameters as mass transfer 
rate, duration of constant extraction rate (CER) and falling extraction rate (FER) periods, 
extraction yield and mass ratio of solute in the fluid phase. However, criterion (2) is 




up to 86% higher than E-1. The difference was more pronounced in the end of FER period. 
We observed differences on the cost of manufacturing (COM) of rosemary extracts 
simulated by SuperPro Designer 8.5®. COM’s were 23% lower in E-2 than in E-1 for an 
industrial plant of 2 extractors of 100 L. With respect to rosemary, major terpenoids as 1,8-
cineole and camphor were extracted with supercritical CO2, while some phenolic 
compounds were low (carnosic acid) or no extracted (rosmarinic acid) using SFE. Thus, 
process intensification concept was used for becoming possible the extraction of two 
fractions of bioactive compounds found in rosemary. The procedure comprised the initial 
extraction of the terpenoids-rich fraction with supercritical CO2 (SFE-CO2) and, thereafter, 
in the same equipment without unloading the bed, performing the extraction of the 
polyphenols-rich fraction with pressurized water (PWE). Approximately 2.5 wt.% (dry 
basis) of volatile oil containing terpenoids and 18.6 wt.% (dry basis) of non-volatile extract 
containing phenolic terpenes were obtained in separated fractions. We developed and 
validated an analytical method for quantifying phenolic terpenes by high performance 
liquid chromatography, presenting a total time of analysis of 10 min. Also, we simulated 
the annual operating cost of a plant installed in Brazil containing 2 vessels of 100 L 
applying SFE-CO2 + PWE processes for obtaining rosemary compounds. The higher use of 
the vegetal matrix for diversifying the extraction of bioactive compounds enabled 28% 
reduction in the annual production costs whether compared to SFE-CO2 process alone. 
Keywords: supercritical fluid, process intensification, bed geometry, eugenol, rosmarinic acid, 
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“Alguns homens veem as coisas como são, e 
dizem ‘Por quê?’ Eu sonho com as coisas 
que nunca foram e digo ‘Por que não?’” 
Geroge Bernard Shaw 
“Todas as vitórias ocultam uma abdicação”. 
Simone de Beauvoir 
“Estamos na situação de uma criancinha 
que entra em uma imensa biblioteca, repleta 
de livros em muitas línguas. A criança sabe 
que alguém deve ter escrito aqueles livros, 
mas não sabe como. Não compreende as 
línguas em que foram escritos. Tem uma 
pálida suspeita de que a disposição dos 
livros obedece a uma ordem misteriosa, mas 
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 1.1. INTRODUÇÃO 
A tecnologia supercrítica vem passando por grandes avanços nos últimos anos, 
principalmente devido ao aumento de atividades relacionadas à pesquisa que focam o 
desenvolvimento de processos inovadores e menos impactantes ambientalmente para serem 
aplicados nos setores alimentícios, farmacêuticos e químicos. Embora haja informação 
disponível sobre a extração de compostos de fontes naturais utilizando fluidos supercríticos, 
há a demanda de estudos científicos que tenham como objetivo principal avaliar a 
influência de variáveis de processo no comportamento das curvas cinéticas de obtenção dos 
produtos. A literatura científica carece de mais informações sobre a avaliação sistemática 
da influência de uma das variáveis de processo: a geometria do leito de extração. 
Em meados de 2004, Carvalho et al. [1] e Moura et al. [2] desenvolveram estudos 
acerca da influência da razão altura do leito (HB) pelo seu diâmetro (DB) nas cinéticas de 
extração de compostos bioativos de alecrim (Rosmarinus officinalis) e funcho (Foeniculum 
vulgare), respectivamente. Os autores propuseram correlações que contemplam a geometria 
do leito (HB/DB), a massa de matéria-prima e a vazão de solvente a fim de obter o mesmo 
comportamento das curvas cinéticas de extração. Os resultados foram satisfatórios quando 
o funcho foi usado, havendo comportamentos similares entre as curvas obtidas nas 
diferentes razões HB/DB. No entanto, tais comportamentos não foram evidenciados quando 
se utilizou alecrim. As curvas cinéticas não se sobrepuseram, isto é, os rendimentos 
mássicos foram diferentes ao longo do tempo entre as razões HB/DB testadas usando-se as 
correlações propostas para a mudança de geometria. Além disso, os estudos experimentais 
ficaram restritos a células de extração de volumes pequenos (0,22 L e 0,30 L). 
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A influência da geometria do leito de extração nos rendimentos de extratos precisa 
ser avaliada usando-se matrizes vegetais de diferentes famílias botânicas e com 
características estruturais distintas. O cravo-da-índia (Eugenia caryophyllus), pertencente à 
família das Mirtáceas [3], apresenta botões florais ricos em óleo volátil (cerca de 15 g/100 g 
de cravo-da-índia, base seca) [4] que é formado majoritariamente por terpenoides. Mais de 
80 % do óleo, em massa, é composto por eugenol, acetato de eugenila, β-cariofileno e α-
humuleno [4, 5]. Essas substâncias possuem propriedades benéficas nas áreas de alimentos 
e da saúde, sendo relatadas atividades antimicrobiana, anti-inflamatória e antioxidante [6]. 
O cravo-da-índia é uma das principais especiarias produzidas no Brasil [7] e tem amplo 
potencial de uso em diversos setores industriais, incluindo o de alimentos [8, 9]. Com 
relação ao aspecto operacional de extração do óleo, o cravo-da-índia é uma matriz vegetal 
ideal para estudos em que se têm poucas informações disponíveis sobre a engenharia do 
processo. Ele é conhecido como matéria-prima modelo devido à grande quantidade de óleo 
volátil presente nos seus botões florais e este óleo ser de fácil extração. 
O alecrim (Rosmarinus officinalis), pertencente à família das Lamiáceas [10], é um 
arbusto nativo da região do Mediterrâneo, posteriormente difundido em países Europeus. O 
alecrim é usado como agente para dar sabor a carnes e saladas [11]. O óleo volátil presente 
nas folhas é efetivo agente antibacteriano [12] e anticancerígeno [13], além das suas 
propriedades antioxidantes [14]. O ácido carnósico é o principal componente fenólico 
responsável por inibir reações de oxidação [15]. Cerca de 4 g de extrato são obtidos em 
100 g de folhas de alecrim (base seca) usando CO2 supercrítico [1], representando 
aproximadamente uma quantidade 4 vezes menor em relação ao extrato de cravo-da-índia. 
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O alecrim possui duas frações de extrato: uma volátil e outra não-volátil. A fração 
volátil é rica em 1,8-cineol, cânfora, α-pineno e canfeno [16], sendo extraída com CO2 
supercrítico [1]. A fração não volátil contém compostos fenólicos como ácido rosmarínico, 
ácido carnósico, carnosol e rosmanol, os quais são preferencialmente extraídos com 
solventes com características polares [17, 18]. Uma rota adequada de processamento 
visando maior utilização do alecrim pode ser o aproveitamento direto do coproduto da 
extração com fluido supercrítico (SFE) como fonte de compostos bioativos a serem obtidos 
por extração com água líquida pressurizada (PWE). Além da diversificação de compostos 
funcionais obtidos, essa rota de manufatura pode proporcionar lucro adicional à linha de 
produção. 
A rota de processamento mencionada pode ser conduzida em um mesmo 
equipamento ou em equipamentos diferentes. Quando são utilizados dois equipamentos ou 
mais para obtenção de produtos de interesse, costuma-se denominar integração de 
processos ou processos integrados. Na área da tecnologia supercrítica, um exemplo de 
integração de processos é a obtenção do óleo de urucum com CO2 supercrítico e posterior 
extração da bixina com etanol em leito agitado à baixa pressão [19, 20]. Quando um único 
equipamento é utilizado, costuma-se denominar intensificação de processos ou processos 
intensificados, como é o caso do aumento do rendimento de extração de compostos naturais 
usando ondas ultrassônicas em meio supercrítico [21, 22]. A proposição de processos 
intensificados visa reduzir o consumo de energia na obtenção de produtos, aumentar a 
capacidade de produção para um dado tamanho de equipamento e/ou diminuir a geração de 
resíduos [23]. 
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Aplicar o conceito de intensificação de processos para aumentar a extração de 
compostos bioativos de alecrim é uma alternativa adequada, pois viabiliza a obtenção de 
terpenoides e compostos fenólicos em etapas sequenciais de extração e permite maior 
aproveitamento da matéria-prima. Contudo, a execução de etapas sequenciais de extração 
depende da matéria-prima utilizada e dos compostos de interesse a serem obtidos. No caso 
do cravo-da-índia, elevado destaque é dado à obtenção do óleo volátil via SFE, não sendo 
comum a extração de princípios ativos via PWE. 
Para possibilitar aplicação industrial, é importante que o estudo técnico de um 
determinado processo produtivo seja acompanhado pelo estudo econômico. Nesse contexto, 
o processo SFE e os processos intensificados SFE + PWE precisam ser avaliados em 
termos de custo de manufatura (COM) dos extratos e custo anual de operação da planta de 
produção. Na maioria dos casos, o COM é diretamente influenciado pelo custo de aquisição 
da matéria-prima. Alguns trabalhos reportam que a matéria-prima pode representar até 
80 % do custo total de um processo que envolve tecnologia supercrítica [20]. Logo, a 
intensificação de processos pode apresentar resultados promissores, pois o coproduto usado 
como matéria-prima na etapa PWE pode ser considerado de custo zero, resultando em 
COM’s atrativos do ponto de vista industrial. Além disso, o uso da geometria de leito mais 
apropriada nos processos SFE e SFE + PWE pode favorecer a obtenção de maiores 
rendimentos e menores COM’s. 
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 1.2. JUSTIFICATIVAS 
 I) A razão HB/DB do leito de extração pode alterar os perfis das curvas cinéticas em 
processos de extração com fluidos supercríticos de compostos bioativos de matrizes sólidas, 
tanto em termos de rendimento total quanto em termos de composição dos extratos. As 
informações tecno-econômicas sobre este assunto ainda são escassas na literatura. Assim 
sendo, um dos motivos de escolha deste estudo esteve fundamentado em conhecer a 
magnitude da influência da geometria do leito no comportamento das curvas cinéticas de 
obtenção de compostos bioativos de cravo-da-índia e alecrim. O meio científico necessita 
destas informações para encorajar empreendedores a investir neste setor. 
 II) Alguns trabalhos na literatura científica reportam estimativas de COM’s de óleo de 
cravo-da-índia [24, 25], mas poucos reportam estimativas de COM’s de extrato de alecrim. 
Logo, procedeu-se a simulação dos COM’s dos extratos de alecrim obtidos em duas razões 
diferentes de altura pelo diâmetro do leito. Além dos diferentes custos de construção de 
células de extração de mesmo volume, mas com razões diferentes de HB/DB, a influência da 
geometria do leito nos rendimentos de extrato pode conduzir a diferenças nos COM’s. 
 III) A intensificação de processos produtivos mostra-se promissora. Todavia, a 
utilização dessa técnica em tecnologia supercrítica é recente e precisa ser mais pesquisada. 
O uso de alecrim é apropriado para este estudo, pois alguns compostos fenólicos 
dificilmente são extraídos com CO2 supercrítico, havendo a necessidade de obtê-los usando 
outras técnicas. Em escalas maiores, a proposição de processos intensificados na obtenção 
de compostos bioativos de alecrim pode gerar menos resíduos e pode reduzir custos 
operacionais a ponto de favorecer a comercialização dos compostos. 
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 1.3. OBJETIVOS 
 1.3.1 Objetivo geral 
Avaliar o perfil cinético da obtenção de compostos bioativos de cravo-da-índia e 
alecrim com CO2 supercrítico em duas razões de altura/diâmetro do leito de extração, 
aumentar a obtenção de compostos bioativos de alecrim por meio da intensificação de 
processos e estimar o custo de manufatura dos extratos de alecrim. 
 1.3.2 Objetivos específicos 
  Reestruturar e validar a unidade SFE-2×1L, a qual contém duas células de extração 
de 1 L com diferentes razões de altura pelo diâmetro do leito (HB1/DB1 = 7,1 e 
HB2/DB2 = 2,7), através de comparação das curvas cinéticas obtidas na unidade SFE-
2×1L e na unidade comercial Spe-ed (Applied Separations, Allentown, EUA) 
usando cravo-da-índia; 
  Determinar e comparar os parâmetros cinéticos da obtenção de compostos de cravo-
da-índia em cada célula de extração da unidade SFE-2×1L usando o critério de 
manutenção da velocidade intersticial de solvente igual em ambos os leitos; 
  Determinar e comparar os parâmetros cinéticos da obtenção de compostos de cravo-
da-índia e alecrim em cada célula de extração da unidade SFE-2×1L usando o 
critério de manutenção da razão de massa de solvente pela massa de matéria-prima 
(S/F) igual em ambos os leitos; 
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 Desenvolver e validar um método de análise rápida de terpenos fenólicos presentes 
em alecrim usando cromatografia líquida de alta eficiência; 
 Proceder a intensificação de processos através do uso de técnicas sequenciais de 
extração em um mesmo equipamento para a obtenção de compostos voláteis e não-
voláteis de alecrim; 
 Estimar o custo de manufatura de extratos de alecrim em escalas maiores, com base 
nos rendimentos obtidos em cada razão HB/DB da unidade SFE-2×1L, utilizando o 
simulador comercial SuperPro Designer 8.5
®
; 
 Simular, utilizando o SuperPro Designer 8.5®, a operação de extração de uma planta 
industrial instalada no Brasil contendo dois extratores de 100 L e comparar o custo 
operacional e a produtividade de extratos de alecrim aplicando a intensificação de 
processos (SFE + PWE) ou somente o processo de extração com CO2 supercrítico. 
1.4. ESTRUTURA DA TESE 
Nesta tese, as etapas de desenvolvimento do projeto de pesquisa estão apresentadas 
em 8 capítulos. Neste capítulo 1 – INTRODUÇÃO, JUSTIFICATIVAS, OBJETIVOS E 
ESTRUTURA DA TESE – são apresentados, sucintamente, o tema principal do estudo, os 
objetivos pretendidos e as etapas envolvidas para a sua realização. As atividades propostas 
e realizadas são apresentadas na Figura 1.1. Na Figura 1.2 são destacados os principais 
itens que compreendem os capítulos apresentados nesta tese. A parte experimental da 
pesquisa foi desenvolvida no LASEFI (Laboratório de tecnologia supercrítica: extração, 
fracionamento e identificação de extratos vegetais). 
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Aplicar a intensificação de processos (SFE + 
extração com água líquida pressurizada (PWE)) 
para a obtenção de compostos voláteis e não-
voláteis de alecrim
Simular o custo de manufatura dos extratos 
obtidos nos processos usados nesta pesquisa 
utilizando o simulador comercial SuperPro
Introdução Geral, Justificativas, Objetivos e Estrutura da Tese – Capítulo 1 – 
12 
 
No capítulo 2 – SUPERCRITICAL TECHNOLOGY APPLIED TO THE 
PRODUCTION OF BIOACTIVE COMPOUNDS: RESEARCH STUDIES CONDUCTED 
AT LASEFI FROM 2009 TO 2013 – encontra-se uma revisão de estudos recentes 
conduzidos no LASEFI, laboratório de desenvolvimento desta tese. No presente artigo são 
apresentados os avanços obtidos na área, os conhecimentos adquiridos com os projetos de 
pesquisa e as tendências futuras de processos envolvendo tecnologia supercrítica [26]. 
No capítulo 3 – SUPERCRITICAL FLUID EXTRACTION OF BIOACTIVE 
COMPOUNDS FROM BOTANIC MATRICES: EXPERIMENTAL DATA, PROCESS 
PARAMETERS AND ECONOMIC EVALUATION – é contextualizado o estado da arte 
sobre variáveis de processo na extração de compostos bioativos usando tecnologia 
supercrítica. Neste artigo de revisão também é apresentada uma compilação de artigos 
científicos e patentes publicados durante o período de 2007-2012, os quais reportam o 
estudo das principais variáveis operacionais que influenciam nos rendimentos de extração, 
como pressão, temperatura, geometria de leito, diâmetro médio de partículas, vazão de 
solvente e uso de cossolventes. Diversas geometrias de leito foram apresentadas 
(1,9 ≤ HB/DB ≤ 63,6) para diferentes matérias-primas, embora a maioria dos trabalhos não 
discuta os resultados acerca dessa variável de processo (geometria de leito) [27]. 
Em virtude disso, no capítulo 4 – INFLUENCE OF THE BED GEOMETRY ON 
THE KINETICS OF CLOVE BUDS OIL EXTRACTION WITH SUPERCRITICAL CO2 
– são apresentados os resultados experimentais da pesquisa envolvendo obtenção de óleo de 
cravo-da-índia em unidade contendo duas células de extração com diferentes razões HB/DB 
(E-1: HB/DB = 7,1; E-2: HB/DB = 2,7). Como aspecto importante, a geometria do leito de 
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extração deve ser considerada como fator que influencia no desempenho do processo, 
principalmente quando são utilizadas matrizes sólidas que podem sofrer compactação 
excessiva. Adicionalmente, a distribuição desuniforme de temperatura em diferentes 
geometrias de leito tende a alterar as características dos extratos. No artigo são aplicados 
dois critérios para mudança de geometria e aumento de escala: (i) manutenção da 
velocidade intersticial do solvente constante em ambos os leitos e (ii) manutenção da razão 
massa de solvente por massa de matéria-prima (S/F) constante em um tempo de extração 
estabelecido em ambos os leitos [28]. 
Para avaliar a influência da geometria do leito nas cinéticas de extração de 
compostos de alecrim, é preciso que os principais compostos bioativos sejam identificados 
e quantificados, tanto terpenoides quanto terpenos fenólicos. Logo, no capítulo 5 – FAST 
ANALYSIS OF PHENOLIC TERPENES BY HIGH-PERFOMANCE LIQUID 
CHROMATOGRAPHY USING A FUSED-CORE COLUMN – é explicitado o 
detalhamento da metodologia de análise por cromatografia líquida de alta eficiência 
(HPLC) de ácido carnósico, ácido rosmarínico, carnosol, rosmanol e carnosato de metila. 
Métodos de análise reportados na literatura para quantificação desses compostos 
apresentam tempos longos de corrida [29, 30]. Para solucionar este inconveniente, uma 
coluna cromatográfica de núcleo fundido foi usada para estabelecer um método eficaz de 
análise de compostos fenólicos em alecrim. Um método analítico robusto, isto é, um 
método capaz de resistir a pequenas variações dos parâmetros analíticos, foi desenvolvido e 
validado, apresentando tempo total de análise de apenas 10 min. As características do 
método, em termos de repetibilidade e reprodutibilidade, e os perfis cromatográficos são 
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analisados e discutidos com aporte nos resultados obtidos em cromatografia de ultra-
performance acoplada à espectrometria de massas (UPLC-MS) [31]. O método foi utilizado 
para identificação e quantificação dos terpenos fenólicos apresentados nos capítulos 6 e 7. 
No capítulo 6 – INFLUENCE OF THE BED GEOMETRY ON THE KINETICS 
OF ROSEMARY COMPOUNDS EXTRACTION WITH SUPERCRITICAL CO2 – são 
apresentados os resultados experimentais da pesquisa envolvendo obtenção de compostos 
bioativos de alecrim, como 1,8-cineol, cânfora, trans-cariofileno, α-terpineol, α-pineno, 
borneol e ácido carnósico. No artigo são comparadas as curvas cinéticas de extração nas 
duas geometrias de leito da unidade SFE-2×1L aplicando o critério de manutenção da razão 
S/F constante em um tempo de extração estabelecido. Os resultados são apresentados e 
discutidos em função dos parâmetros cinéticos comumente usados em processos SFE, 
como tempo correspondente à taxa constante de extração (tCER), taxa de transferência de 
massa (MCER), rendimento de extrato (RCER) e razão mássica de soluto na fase fluida (YCER) 
para o período de taxa constante de extração (CER). Os parâmetros cinéticos em relação ao 
período de taxa decrescente de extração (FER) também são apresentados e discutidos. 
Perfis cinéticos de composição em cada leito também são mostrados, tanto das substâncias 
voláteis majoritárias quanto de ácido carnósico. Além disso, são apresentados alguns 
critérios de mudança de geometria e aumento de escala aplicados em processos de extração 
envolvendo tecnologia supercrítica. Evidenciou-se que alguns critérios são adequados para 
algumas matérias-primas, mas não são adequados para outras. O critério de manutenção da 
razão S/F para um determinado tempo de extração, por exemplo, mostrou-se apropriado 
para o cravo-da-índia, enquanto que não foi apropriado para o alecrim [32]. 
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No capítulo 7 – NEW PROPOSAL FOR EXTRACTING ROSEMARY 
COMPOUNDS: PROCESS INTENSIFICATION AND ECONOMIC EVALUATION – 
são discorridos os resultados acerca da etapa de intensificação de processos e avaliação dos 
COM’s dos extratos para os diferentes processos. Neste capítulo, processos intensificados 
foram executados (SFE + PWE) a fim de aumentar a obtenção global de compostos 
presentes em alecrim, demonstrando resultados encorajadores que podem estimular a 
continuidade de estudos nesta linha de pesquisa. Além disso, valores de COM’s de extratos 
obtidos no capítulo 5 desta tese foram simulados e são apresentados no artigo que está no 
capítulo 7 (Submetido). O custo operacional de uma planta industrial instalada no Brasil e a 
produtividade dos extratos de alecrim foram simulados aplicando a intensificação de 
processos ou somente o processo de extração com CO2 supercrítico. 
No capítulo 8 – CONCLUSÕES GERAIS E SUGESTÕES PARA TRABALHOS 
FUTUROS – são resumidos os principais resultados oriundos do desenvolvimento do 
projeto apresentado nesta tese. Esse capítulo reúne as informações mais relevantes obtidas 
nos capítulos 2 a 7, bem como apresenta algumas sugestões de pesquisas futuras. 
Na MEMÓRIA DO PERÍODO DE DOUTORADO são listados os trabalhos 
científicos publicados em periódicos e em anais de eventos decorrentes do projeto e de 
trabalhos em coautoria, bem como as disciplinas cursadas e estágios de docência realizados. 
No APÊNDICE encontram-se ciclos de aprendizado (PDSA), planilhas, procedimentos 
operacionais, rotinas, cromatogramas, tabelas, figuras, dados de rendimento e composição, 
material suplementar e demais arquivos não publicados de ordem relevante para estarem 
inseridos nesta tese. 
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Supercritical Fluid Extraction of Bioactive Compounds from Botanic Ma-
trices: Experimental Data, Process Parameters and Economic Evaluation 
Giovani L. Zabot, Moyses N. Moraes and M. Angela A. Meireles* 
LASEFI/DEA/FEA (School of Food Engineering), UNICAMP (University of Campinas), R. Monteiro Lobato, 80, 13083-
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Abstract: This review discusses the recent developments in supercritical fluid extraction (SFE) of bioactive compounds 
from botanic matrices during the period of 2007-2012. The main operational parameters affecting the extraction yields 
that are presented and discussed include: pressure, temperature, extractor geometry, average size of particles, extraction 
time, solvent flow rate and use of cosolvents. Emphasis is given to extractor geometry. The data compiled herein show the 
influence of the vessel height vs. internal diameter ratio on the overall extraction curves. Several extractor volumes (2 cm3 
to 2104 cm3) and height to internal diameter ratios (1.9 to 63.6) were used for SFE of substances from several types of 
raw materials. The study of extractor geometry is important when plant scale up is proposed. To succeed in scale up, simi-
lar profiles for the extraction curves obtained for SFE of plants with different bed geometries must be obtained. Hence, the 
process parameter calculations are exhibited by comparing equations available in scientific literature and explaining the 
use of these equations in different extraction situations. Aspects concerning the cost of manufacturing a product are de-
scribed and also discussed. Various recent studies that mention the economic feasibility of extracting components from 
solid matrices in pilot or larger plants using supercritical technology are summarized. These works also present some spe-
cific costs in investment and raw material as the dominant costs for the process, indicating that the cost of manufacturing 
of target substances decreases when the extraction vessel capacity increases. 
Keywords: Extractor geometry, cost of manufacturing, supercritical fluid extraction, process parameters, scale up. 
1. INTRODUCTION
 The consumption of functional foods is increasing in 
recent years because the consumers are concerned about 
health benefits provided by ingestion of bioactive com-
pounds present in these foods. The food industry around the 
world has recently been engaged in offering products with 
functional properties and cultivating commercial acceptance. 
Supercritical fluid extraction (SFE) is therefore receiving 
special attention because SFE allows the extraction of target 
components from botanic matrices. These target compounds 
can be applied directly in the food, chemical and pharmaceu-
tical industries to satisfy client demand. The high yields ob-
tained with this technique associated with the quality of the 
valuable substances extracted have drawn many researchers 
to study the parameters of processes that maximize the pro-
ductivity and offer economic feasibility when the procedure 
is carried out on the pilot scale or in larger plants. 
 Figure 1 shows a flow diagram for a supercritical extrac-
tion unit; the diagram includes the major parts equipments as 
well as the instrumentation. SFE is generally carried out iso-
thermally. Therefore, temperature is a very important process 
parameter for SFE; the location of the temperature indicator 
as well as the heat transfer unit should be carefully designed 
*Address correspondence to this author at the LASEFI/DEA/FEA (School
of Food Engineering), UNICAMP (University of Campinas), R. Monteiro 
Lobato, 80, 13083-862 Campinas, SP, Brazil; Tel: +55-19-3788-4033; 
 Fax: +55-19-3788-4027; E-mail: meireles@fea.unicamp.br  
in order to guaranty isothermal process. Pressure is as impor-
tant as temperature; an SFE unit can operate at constant pres-
sure or using pressure-gradient. In either case, the precise 
control of pressure is needed. Table 1 summarizes the impor-
tant parameters and their effects on the extraction phenom-
ena. 
 The most important industrial application of SFE is for 
the extraction of multiple compounds from solid matrices. 
To overcome the drawbacks from the application of conven-
tional extraction methods, some patents (US2011159127-A1 
and US2011076346-A1, respectively) present the use of the 
supercritical fluid technique to obtain extracts with high 
quality from Toona sinensis leaves in a 5103 cm3 extraction 
cell [1] and from Nigella sativa seeds in 1102 cm3 to 
1104 cm3 extraction cells [2] using CO2 as the solvent. The
document US7329789-B1 describes a useful method for ex-
traction and concentration of carotenoids using supercritical 
fluids [3]. Some reviews present an overview of the ad-
vances in technology of manufacturing bioactive compounds 
with applicability in the food, cosmetics and pharmaceutical 
industries [4-6]. 
 Published scientific investigations report the applicability 
of SFE to different types of raw materials such as grape seed 
[7, 8], guava leaves and seeds [9, 10], spent coffee grounds 
and coffee husks [11, 12], clove buds and sugarcane residue 
[13], rosemary leaves [14, 15], strawberry fruit [16] peach 
kernels [17], Brazilian ginseng roots [18], banana peels [19] 
and sage leaves [20, 21]. Essential oils extracted from solid 
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matrices, for instance, have great potential as flavorings and 
are effective against food oxidation. A recently published 
review of Sánchez-González et al. [22] demonstrated the use 
of essential oils in edible bioactive coatings. The review 
gained more interest in the field of food preserva-
tion/conservation because these edible bioactive coatings act 
as vehicles for natural substances to act as antimicrobials and 
antioxidants. The SFE extract can also be used for fractiona-
tion [23] or microencapsulation [24, 25]. 
 The transference of the results obtained using supercriti-
cal technology applied in the laboratory or on the pilot scale 
to the industrial scale requires the knowledge of parameters 
that influence process yields and the kinetics of extraction 
curve profiles. Experimental information about the mass 
transfer rates using different bed geometries is necessary to 
accomplish process scale up. These data are rare in the litera-
ture, indicating that more detailed studies are indispensable 
for investigating which parameters need to be varied and 
which parameters need to be fixed to maintain the same mass 
transfer rate of target compounds, considering equal periods 
of extraction, to effectuate the scale up. 
 After optimizing the parameters of the process, under-
standing of the cost of manufacturing (COM) is necessary to 
obtain the desired product. Investment costs are commonly 
pointed out as the main barrier to the establishment of an 
SFE plant [26-28]. Nevertheless, some studies demonstrated 
that the COM of SFE extracts is competitive with the COM 
of application of traditional technologies [19, 29-31]. Prado 
et al. [7] showed that the establishment of an SFE plant in 
Brazil is economically viable. For processing grape seed, the 
estimated COM was US$ 11.88/kg of extract evaluated for a 
5105 cm3 extractor and 240 min of operation, with a return 
on investment time of 1.5 years. Based on the scale up data 
that have been determined, the yield of target compounds 
increases with increasing the scale. This information is ex-
tremely important from the point of view of economic 
evaluation, considering that with further scale increases for 
industrial application, the COM can be further reduced. 
 In this review, a brief discussion of the influence of ex-
traction parameters on the yield of bioactive compounds 
from botanic matrices using supercritical technology is pre-
sented. Significant attention has been focused on recent stud-
ies of SFE where the authors reported the volumes and the 
geometries of the extractors for given solvent flow rates. 
Because there are large and increasing numbers of scientific 
investigations on SFE, the studies were selected from the 
range of years from 2007 to 2012. Moreover, a compilation 
of data about the COM of various extracts has also been pre-
pared. Aspects such as the volume of the extractor, the time 
required for extraction and the productivity of the extraction 
process, the ratio of the mass of solvent to the mass of feed, 
the type of raw material and the extract yield impact differ-
ent areas of the COM. 
2. SFE PARAMETERS
 The SFE parameters influence the extraction yields and 
solubility [32]. The design of extraction cells in plants em-
ploying supercritical extraction technology involves the 
knowledge of phase equilibria among the supercritical sol-
vent, the solute to be extracted and the insoluble solids 
(lignocellulosic matrix) [26]. The mechanism of extracting a 
Fig. (1). Flow diagram for a SFE containing one extractor vessel and able to operate using cosolvent. CG – Solvent reservoir; CA – Air com-
pressor; FA – Air filter; BB – Air-driven solvent pump; BC – Cosolvent pump; BR – Cooling bath; BA – Heating bath; RC – Cosolvent res-
ervoir; MT – Mixer; E – Extractor; S – Separator; CT – Temperature controller; BP –Back pressure regulator; VA – Control valve (air flow); 
VB – Blocking valve; VC – Control valve (solvent or cosolvent); VS – Safety valve; VM – Micrometering valve; VR - Non-return valve; M 
– Pressure gauge; RT – Flowmeter; TV – Flow totalizer; FC – Extract collecting vessel. 
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solute consisting of a solid particle using a solvent incorpo-
rates three successive stages to achieve the equilibrium [33]: 
1) The solute change of phase, because this solution phe-
nomenon is considered instantaneous and does not affect
the global extraction rate. 
2) The solute diffuses into the solvent contained in the
pores of the solid. The transfer of solute from the inte-
rior of solid particles to the surface occurs because of
the concentration differential that exists at the solid-
supercritical interphase and the external surface of the
solid. 
3) Once the solute reaches the particle surface, the solute
transfers to the solution because of the concentration
gradient. Mass transfer is performed simultaneously by
molecular and turbulent transport. 
 All of the mechanisms mentioned above are influenced 
by the parameters: temperature, pressure, solvent flow rate or 
ratio of the mass of solvent to the mass of feed, extractor 
volume and extractor geometry, average size of particles, 
extraction time and use of a cosolvent. Selection of the right 
conditions depends on the specific desirable compound to be 
extracted. These parameters have an impact on several qual-
ity attributes such as flavor, color characteristics and oxida-
tive stability of extracted antioxidants [34]. The work of 
Toribio et al. [35] is an example of how these factors act on 
the results of the process. The authors carried out SFE of 
fatty acids from some genetically modified varieties of corn. 
They found that pressure and temperature were the parame-
ters with the most significant effect on the extraction of lip-
ids using pure CO2, followed by the influence of flow rate on 
the extraction yield, a parameter directly related to the bed 
geometry. 
 To obtain the optimized parameters of SFE to use for 
scale up, development of preliminary tests is very important. 
These preliminary tests can be adapted from the kinetics 
experiments that show the mass of extract obtained at a 
given extraction time or the mass of extract obtained by 
varying the ratio between mass of solvent used and the 
amount of raw material feed at a given solvent flow rate. 
Graphic curves are usually constructed to express the kinetic 
rates of mass transfer, well known as Overall Extraction 
Curves (OECs). Papers generally publish these OECs to 
demonstrate the global yield of some special component. 
The global yield is the amount of soluble material that can be 
extracted from a given vegetable matrix using defined 
parameters, especially temperature, pressure and solvent to 
Table 1. Summary of SFE process parameters and their major effects the extraction of bioactive compounds. 
Process Parameters Major Effect on the Extraction Process 
Temperature 
The temperature increase, in general, improves mass transfer. Nonetheless, in cases of starch-rich matrices because of the gelati-
nization process the increase in temperature may have an adverse effect. Thermal labile compounds may degrade at moderate to 
elevated temperature; additionally, hydrolyses and isomerization reactions can also occur. 
Pressure 
The increase in pressure raises the solvation power of the solvent due to the increase in the density. Non-polar and low-polarity 
as well as low-molecular mass substances can be extracted at moderate pressures (15 MPa); this being the case for volatile oils. 
Polar as well as large molecular mass compounds require higher pressures (>15 MPa) as for instance for the extraction of lipids. 
Extractor geometry 
The bed geometry plays an important role in SFE kinetics, that is, in the shape of the overall extraction curve (OECs). Therefore, 
to maintain the shape of the OECs in extractor vessels of different geometries there are relationships among process parameters 
that must be obeyed, such as, the ratio between the bed height to the bed diameter (Hb/db) and the ratio of solvent mass to feed 
mass (S/F). Additionally, the bed porosity, the process temperature and pressure and the botanic matrix pretreatment also affects 
the kinetics. The ratio Hb/db is very important considering that the increase in the bed diameter is accompanied by the increase in 
the thickness of the bed and thus, in the investment. 
Average size of 
particles 
Small particle size increases the mass transfer area; nonetheless, it also increases the degree of compaction of the bed. The use of 
larger particles decreases the mass transfer area. Very compact bed can promote the shortening of the solvent pass (preferential 
pass ways). Therefore, a balance must be obtained between these effects in order to define the most advantageous mean particle 
diameter for a given process.  
Extraction time 
The extraction time is a very important parameter since it will ultimately define the size of the SFE unit to process a given 
amount of raw material. The process time depends on both the botanic matrix characteristics and the solvent flow rate. The ex-
traction time of carotenoids, steroids and vitamin E are relatively long while the extraction of clove oil is a very fast process. In 
general, the process time will be defined by an economic feasibility analysis.  
Solvent flow rate 
The mass ratio of solute in the supercritical phase at the extractor vessel outlet (Y) increases with the increase of the solvent flow 
rate up to a maximum value decreasing afterwards. The solvent flow rate at which Y reaches its maximum value (denoted as Y*) 
correspond to Q*. For solvent flow rates smaller than Q* the axial dispersion cannot be neglected. Since equilibrium is not an 
issue in the extraction step of the SFE process because saturation would never occur under any practical application, again, the 
economic feasibility analyses would define the most suitable solvent flow rate.  
Cosolvent 
In general, carbon dioxide is the solvent of choice. Nonetheless, some substances have limited solubility or are insoluble in car-
bon dioxide. Therefore, a cosolvent may be required; in order to maintain SFE as a green technology the cosolvent must be care-
fully chosen. The recommendation is to use ethanol and water; isopropyl alcohol may in some cases be an adequate choice. 
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rameters, especially temperature, pressure and solvent to 
feed ratio [36], and global yield is generally different for 
each raw material. The composition of extracts resulting 
from SFE varies widely. Many OECs are presented for: ex-
tracts [9, 37-40]; volatile oils [13, 30, 41-46]; phenolic com-
pounds [14, 15, 47]; vitamin E [48, 49]; lipids [8, 50-54], 
and other bioactive compounds such as polymethoxyfla-
vones [55], caffeine [12, 56], carotene [49], -ecdysone [18] 
and anthocyanins [57]. 
 Figure 2A illustrates the influence of CO2 flow rate on 
the SFE process yield from Ginkgo biloba L. [58]. The high-
est flow rate (Q3) produced an increment in the mass transfer 
rate, especially in the first hours of extraction. Nonetheless, 
at approximately 600 min of extraction, the maximum yield 
was achieved applying Q3 or Q2 (intermediate flow rate), 
characterizing a subsequent period of diffusional mass trans-
fer. The influence of degree of grinding on extraction yield is 
illustrated in Fig. (2B). The highest values of extraction yield 
were obtained with the smallest particle size (d1), which con-
firms the dominant influence of convective mass transfer. 
The extraction rate usually increases with a decrease in the 
particle size of the raw material because the contact of the 
surface area of the material with the supercritical solvent is 
enhanced. However, if sizes are reduced too much, the de-
crease in particle size can affect the structure of the target 
compounds and cause operational problems such as a pres-
sure drop in the extractor, solvent channelling, increasing 
material compaction and clogging of the pipes. 
2.1. Effect of Pressure and Temperature 
 Pressure and temperature are two very important parame-
ters for process design because they affect both the system 
equilibrium and the kinetics rates. Also, pressure and tem-
perature control the solvent density and the solvating power 
of CO2. Increasing extraction pressure increases the interac-
tion between the solvent and the solid matrix [26]. Volatile 
oil is appropriately extracted at moderate pressures in the 
range of 9-15 MPa [43], whereas nonvolatile compounds are 
better extracted at higher pressures, [59, 60] due to their 
polarity and larger molecular mass. When the intention is to 
extract undesired components to concentrate the antioxidants 
in the residue, increased pressure can be beneficial, but coex-
traction of the target compounds could limit the selectivity of 
the separation [26]. For a given pressure, higher tempera-
tures lead to lower densities and lower solvating powers of 
the solvent [61]. One of the main aspects that should be con-
sidered in SFE is the optimization of the extraction. Different 
operational conditions have been proposed for extracting 
bioactive compounds from natural sources, and these pa-
rameters have been extensively tested with the objective of 
optimizing the process [9, 11, 12, 38, 57, 62-66]. A recent 
invention WO2010064890-A1 provides a supercritical fluid 
extraction process for extracting oil of kenaf (Hibiscus can-
nabinus L.) seed. The inventors conducted the tests in a pres-
sure ranging from 20 MPa to 60 MPa with a temperature 
ranging from 313 K to 353 K. The highest accumulated yield 
was obtained at 60 MPa and 353 K [67]. 
 An increase in temperature generally causes an im-
provement in transport properties, so the extraction rate may 
increase. An example is demonstrated in Araus et al. [68], 
indicating the positive effects of an increase in temperature 
from 308 K to 323 K for lavender flowers at 10 MPa. The 
document WO2010064891-A1 also indicates that an increase 
in temperature from 313 K to 333 K on SFE of Nigella sa-
tiva seeds oil allowed an increase of the accumulated yield 
from 27.9±1.3 g/100 g to 36.9±0.8 g/100 g [69]. However, 
obtaining a positive effect from an increase in temperature is 
not a rule. The impact of temperature on the solubility of 
extractable compounds depends mainly on the working pres-
sure. The influence of temperature and pressure on the ex-
traction yield obtained by Tello et al. [12] can be verified, as 
shown in Figs. (3,4). These parameters have a positive im-
pact on the results. The authors also determined that the ex-
tract color was influenced by the working temperature. The 
samples obtained at higher temperatures showed a dark 
brown color instead of the yellowish-green color observed in 
samples obtained at lower temperatures because of the 
browning of some of the pigments naturally present in the 
coffee husks. A limiting factor for increasing the temperature 
Fig. (2). Overall extraction curves for the system of Ginkgo biloba leaves + CO2 obtained for a extractor of 210
2 cm3 and 60 g of feed; ex-
perimental data obtained as described by Milosevi et al. [58]: (A) 10 MPa, 313 K, particle average diameter of ground material equal to 
0.19 mm; (B) 10 MPa, 313 K, flow rate of CO2 equal to 3.2210
-3 kg/min (with permission). 
Revisão Bibliográfica – Capítulo 3 –
40
186    Recent Patents on Engineering, 2012, Vol. 6, No. 3 Zabot et al. 
is approximately 333 K, because thermally labile compo-
nents can be degraded or some components can be isomer-
ized, as explained in a few studies [64, 70, 71]. Santos et al. 
[62] studied the extraction of phenolic compounds from 
jabuticaba skins and showed that the interaction between 
extraction pressure and temperature had a negative effect on 
the extraction of all phenolic compounds, as was the case of 
anthocyanin pigments (353-393 K/5-10 MPa). For this rea-
son, temperature and pressure must be accurately chosen to 
optimize the yield of target compounds. 
Fig. (3). Influence of temperature on extraction yield from whole 
coffee husks: P = 30 MPa, 32 g/100 g of water content, 320 g of 
CO2 [12] (with permission). 
Fig. (4). Influence of pressure on extraction yield from whole cof-
fee husks: T = 373 K, 32 g/100 g of water content, 429 g of CO2 
[12] (with permission). 
2.2. Effect of Extractor Geometry 
 The literature reviewed in this paper discusses the extrac-
tor volume and, in most cases, the extractor geometry used 
for transfer of supercritical processes from laboratory to pilot 
scale. Experimental SFE data compiled are shown in Table 2. 
The set of information presented is organized as follows: the 
botanic and common names of the raw material; the target 
compound extracted and its functional use in the pharmaceu-
tical and food industries; extractor characteristics such as 
volume (VE), internal diameter (dB) and height (HB); the 
amount of feed mass that can be contained within the cell 
(F); the average size of the particles (dP); the experimental 
range of temperatures (T) and pressures (P); the solvent flow 
rate (QS); the process yield and the names of the authors who 
carried out the research and presented the results. 
 Many of the studies and patents found in the literature 
mention only the extractor characteristics used in experimen-
tation and do not present more details evaluating the effect of 
the bed geometry on process performance. Although there is 
little discussion of the influence of these parameters on su-
percritical technology, some studies express the results as a 
function of the characteristics of the extractor employed. 
Mention can be made to Sánchez-Vicente et al. [53], who 
carried out SFE of seed oil in two different tubular extraction 
cells: cell A of 230 cm3 and cell B of 16.7 cm3. The raw ma-
terial consisted of unshelled peach seeds (Prunus persica, 
red variety). The same operational conditions were applied to 
both extractors: dp of 0.25-0.35 mm, T of 313-324 K and P 
of 15-19.8 MPa. The solvent CO2 plus cosolvent ethanol 
(EtOH) flow rate was set at 1.1310-5-1.4510-5 kg/s (cell A) 
and 1.3210-5-3.9510-5 kg/s (cell B). In a typical experi-
ment, cell A was filled with the seed sample (10-20 g) mixed 
with 2 mm glass beads, and cell B was wholly filled with 2 g 
of seed sample, with an apparent bed density of 0.12 g/cm3. 
Table 2 shows that the extraction yields of peach seed oil 
were slightly different, 0.36 g oil/g feed for cell A and 
0.29 g oil/g feed for cell B, but the differences observed in 
the extraction curves were not considered significant. As 
mentioned by the authors, the weak dependence of the initial 
yield on kinetic parameters indicates that, at this stage, the 
process is controlled by solubility and not by mass transfer 
rate under the study conditions. If the process were con-
trolled by mass transfer rate, the higher superficial velocity 
and smaller residence time of the solvent in the smaller cell 
(B), in comparison with larger cell (A), would lead to a 
much lower yield for cell B, for a given constant solvent 
flow rate for both cells. Thus, OECs presented some differ-
ent behavior between the tested cells because one cell had a 
reduced volume (16.7 cm). According to Meireles [72], the 
experimental assays must be performed in units containing 
extractor vessels with volumes of at least 50 cm3 to obtain 
reliable results for SFE yields, so an OEC can be built. This 
phenomenon is observed for small cells, where the extract 
loss within the tubing is meaningful for the total extract vol-
ume obtained in an extraction process. 
 SFE of phenolic compounds from rosemary leaves (Ros-
marinus officinalis) was carried out by Bensebia et al. [15] 
and Genena et al. [73]. Bensebia et al. [15] achieved a yield 
of 2.5 g/100 g working with a 125 cm3 extractor at an Hb/db
ratio of 13 and with flow rate of 8.3310-5 kg/s, while 
Genena et al. [73] achieved a yield of 3.5 g/100 g working 
with a 100 cm3 extractor at an Hb/db ratio of 16.1 and with a
flow rate of 5.5510-5 kg/s. In this situation, the concentra-
tion of extract in the supercritical solvent characterizes the 
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diarrhea and sore 
throat 
16 10 200 3 0.38 313-333 7.5-20 n.i. 17.6b [127] 
Anethum sowa 
(Dill) 
Seeds Volatile oil 
Stimulating and helps 
in stomach ache 







n.i. 250 25 540 30 n.i. 313-333 25-35 7.5 96.8b [129] 
Arbutus unedo 
L. (Strawberry) 






























vent colon cancer 





Oil Anti-inflammatory 100 20.4 329 36 0.7-1 303-313 10-30 1.4 2.1a [50] 
Borago officina-
lis L. (Borage) 








Seeds Oil n.i. 1200 78 250 500 0.3 283-298 20-30 20.8-33 70b [132] 
Brassica napus 
(Canola) 






heart diseases and 
cancer 




Seeds Oil Antioxidant 1000 60 350 6.12 n.i. 338 n.i. n.i. 32.8a [101] 
Capsicum  
annum L.  
(Red pepper) 
Fruits Oil Flavoring 50 n.i. n.i. 12 0.5 303-333 10-35 4 8a [51] 
Capsicum  




Vitamin E  
Effect against athero-
sclerosis and ischemic 
heart disease  
350 n.i. n.i. 30 0.2-1.2 318-333 20-30 33.3c 97b [24] 
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1000 n.i. n.i. 100 0.4-0.8 313-323 9-15 2.2-4.3 59a [43] 
Cucurbita  
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hibits colon cancer  
100 n.i. n.i. 40 n.i. 313 10-30 5c 95b [49] 
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200 n.i. n.i. 60 0.2-1 313-333 10-18 0.3-0.7e 8a [58] 
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2000 n.i. n.i. 190 n.i. 323 38 4-13.3e 1.6a [40] 
Helianthus 
annuus L.  
(Sunflower) 










150 n.i. n.i. 30 0.4 313-333 10-20 1.4 61.3d [145] 
Hibiscus can-
nabinus (Kenaf) 














Reduces blood levels 
of cholesterol 












toms of atopic derma-
titis 







Antinociceptive effect 1000 n.i. n.i. 100 1 313-333 9-20 6.7 0.8a [149] 
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63 20 200 2 1.7 313-333 20-40 n.i. 7.8d [118] 
Juglans regia L. 
(Walnut) 
Seeds Oil n.i. 1500 n.i. n.i. 400 1.2-2.4 298-343 20-40 29.17 92.6b [151] 
Korean green 
tea 
Leaves Caffeine Stimulant 230 16.17 280 50 0.52 313-353 10-40 0.7-3.9 66b [152] 
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L. (Bay Leaf) 
Leaves Essential oil 
Antibacterial and 
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developing heart 
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500 n.i. n.i. 70 0.2-1.1 308-333 15-30 1.25e 37.8a [115] 
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Antioxidant and free 
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Seeds Volatile oil 
Prevents cardiovascu-
lar disease and rheu-
matic arthritis 
8 9 125 n.i. 0.5-1 306-334 7.5-39.5 n.i. 93b [156] 
Olive Husks Oil Anti-cholesterol 94 40 75 n.i. 0.33 313-333 25-35 0.18e 16a [81] 
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anisum (Anise) 
Seeds Essential oil 
Stimulant, diuretic 
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10 n.i. n.i. 3 2-3 308-328 10-30.4 0.3c 7.5a [162] 
Piper nigrum L. 
(Black pepper) 
Berries Essential oil 
Helpful for respira-
tory infections  
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50 n.i. n.i. 30 0.2-0.5 323-333 10-40 n.i. 1.7a [10] 
Pueraria lobata Roots Flavonoids 
Antioxidant and an-
tidiabetic  
250 n.i. n.i. 40 1 313-353 15-25 n.i. 1.7a [167] 
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1000 n.i. n.i. 90 0.3-0.8 313-323 9-10 2-3.67 1.9a [21] 
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150 n.i. n.i. 30 0.55 323 7-30 1.1 29.7d [20] 
Salvia offici-
nalis L. (Sage) 
Leaves Essential oil 
Insecticidal and fun-
gicidal 
12.6 8 25 3-4 n.i. 298-323 9-12.8 0.06 5a [171] 
Satureja horten-
sis L. (Savory) 










12 8 24 4-5 0.2-0.4 313-353 20-27 0.07-0.1e 1.3a [173] 







1000 n.i. n.i. 200 2 323.15 9 -20 13.8 4.5a [59] 
Sesamun  
indicum L.  
(Sesame) 
Seeds Volatile oil Antioxidant 150 25.2 290 17 n.i. 313-333 19-25 3c 35a [45] 






100 n.i. n.i. 30 0.5 313-353 15-35 2.5e 6.4a [174] 
Tagetes erecta 
L. (Marigold) 
Petals Lutein esters 
Reduce heart disease, 
lung and skin cancers 










20 10 250 15 n.i. 313-353 20-35 0.14-0.3 76.9b [176] 
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285 n.i. n.i. 100 n.i. 308-323 835 1.9-8.5e 31.3b [178] 
Vitis vinifera L. 
(Grape) 
Seeds Oil Antioxidant 160 40 130 70 0.75 313 16-20 1.7 16.5a [179] 





290 54.2 125.4 280 0.8 313 35 1.28 13.4a [7] 





5150 103.4 614 4677 0.8 313 35 21.4 11.9a [7] 
Zea mays Germ Oil n.i. 5000 98 585 2800 0.8 323 45 11-30.6 9a [138] 
a mass of target component/mass of feed. e indicates the use of cosolvent. QS: solvent flow rate. 
b mass of target component extracted/mass of target component extractable. VE: extractor volume. F: mass of feed. 
c indicates the flow rate unity = cm3/min. dB: extractor internal diameter. dP: particle average diameter. 
d mass of target component/mass of extract. HB: extractor height. n.i.: not indicated. 
course of the extraction. The maximum value of extract con-
centration in the solvent is the equilibrium solubility of ex-
tractible components, a condition barely met in SFE. Thus, 
in extractors with a high Hb/db ratio, larger mass transport 
resistance and back-mixing may occur. In extractors with a 
low Hb/db ratio, the solvent flow rate heterogeneity may pre-
dominate, resulting in axial dispersion within the extraction 
vessel [61, 74]. 
 Different Hb/db ratios are appropriate in different cases. 
For particle sizes 0.4-0.8 mm and for SFE of oilseeds, a 
Hb/db of approximately 6 is indicated [75]. For the decaf-
feination of coffee, a Hb/db larger than 9 is recommended, 
and a smaller Hb/db of approximately 3 is recommended for 
materials that may swell [76]. The Hb/db ratio is therefore an 
important factor in extraction vessel design and is a necessary 
parameter for mathematical modeling [77-80]. In Table 2, vari-
ous length to diameter ratios for SFE units are presented, 
with the ratios varying from 1.9 [81] to 63.6 [82]. Extractor 
volumes from 2 cm3 [83] to 2104 cm3 [52] were tested. 
 The influence of the “geometry extractor” parameter on 
overall extraction yield for the supercritical process needs to 
be considered when scale up of the plant is proposed. The 
success of the scale up is related to the reproduction of the 
kinetic extraction curves using different bed geometries. For 
this reason, the establishment of relationships among process 
variables in both beds is needed. Also, it is fundamental to 
verify which parameters will remain constant and which pa-
rameters will change. Carvalho et al. [84] and Moura et al. 
[85] carried out kinetics assays with rosemary (Rosmarinus 
officinalis) and fennel (Foeniculum vulgare), respectively, 
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aiming to establish equations that allowed them to predict 
the process profile when the Hb/db ratio is changed. Using 
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 In Eq. (1) and Eq. (2), Qco2
 
is the solvent mass flow rate 
(kg/s), F is the mass of raw material feed (kg), Hb is the bed 
height (cm) and bd is the bed diameter (cm). 
 Figure 5 shows the reproduction of fennel extract yields 
between the two extraction extractor geometries: 
Hb1/db1 = 2.21 and Hb2/db2 = 0.53, with the same operational 
conditions of temperature and pressure. To maintain the S/F 
ratio constant (Fig. (5a)), where S is the CO2 mass used at 
extraction (kg), a change in CO2 flow rate from 8.3310
-5 kg/s 
to 13.310-5 kg/s was necessary for an increment in bed di-
ameter from 3.39 cm to 5.45 cm. A rearrangement in Eq. (1) 
allowed us to affirm that the relationship among the process 
parameters, for this case, depends exclusively on CO2 flow 
rate, on raw material mass packaged into the extractor and on 
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Knowing that the apparent bed density (a) and volume (V) 
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Then, matching Eq. (4) with Eq. (5) and replacing in Eq. (3), 
Eq. (6) is obtained: 
2 22 1 2










When the apparent densities in both beds are kept constant, 
Eq. (6) becomes: 
2 22 1








If the process variable values with subscript 1 in Eq. (7), the 
value of the extractor diameter when the scale up will be 
performed (db2) and the mass that is inserted into extractor 2 
(F2) are known, the solvent flow rate (
22CO
Q ) needed for 
obtaining the same performance in supercritical processes 
can be estimated. 
To maintain the SFE time constant, as presented in 
Fig. (5b), a change in solvent flow rate from 8.3310-5 kg/s 
to 5.310-5 kg/s was necessary. Using Eq. (2) and rearrang-
ing, the adopted criterion leads to the dependence on the 
same project parameters: 
2CO
Q , F and db as demonstrated 
below. Eq. (2) as reorganized is: 
Fig. (5). Comparison of OECs obtained for beds of different diameters: SFE performed at 25 MPa and 303 K [85] (with permission). 
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Applying Eq. (4) and Eq. (5) to Eq. (8), Eq. (9) is obtained: 
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When the apparent densities in both beds are kept constant, 
Eq. (9) becomes: 
2 22 2 1 1
2 1
CO b CO bQ d Q d
F F
 
=   (10) 
 Using the relationships obtained from Eq. (7) and 
Eq. (10) and the available information from Fig. (6a), the 




Q ) can be calculated for 
obtaining OECs as Hb2/db2 = 4.42 and Hb3/db3 = 8.84 ratios 
with the same profile as the Hb1/db1 = 2.21 ratio. In this way, 
the same extraction time would be maintained for both the 
kinetics curves. Performing the calculations to satisfy the 
above proposition, 
22CO
Q = 1.6710-4 kg/s and 
23CO
Q = 3.3310-4 kg/s. Using Fig. (6b), with the intention 
that the OECs obtained at Hb1/db1 = 2.21 and Hb2/db2 = 4.42 
ratios present the same profile shape as the OEC obtained at 
Hb3/db3 = 8.84 ratio and keeping S/F constant, the following 
solvent mass flow rates must be used: 
21CO
Q = 4.1610-5 kg/s 
and 
22CO
Q = 2.0810-5 kg/s. 
 Prado et al. [13] evaluated the scale up criterion for SFE 
of clove (Eugenia caryophyllus) oil. Experiments using ex-
tractors of 2.9102 cm3 (Hb = 12.54 cm and db = 5.42 cm)
and 5.15103 cm3 (Hb = 61.4 cm and db = 10.34 cm) were
carried out under the same conditions of temperature 
(313 K), pressure (15 MPa) and particle average size 
( 0,9 mm). The authors utilized the criterion of maintaining 
S/F constant for any given extraction time; therefore, to cal-
culate the solvent flow for the larger SFE unit these authors 
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 Eq. (11) seems to be valid as scale up criterion (mainte-
nance of the ratio S/F constant) only when the extraction 
time is equal for both beds 1 and 2; the bed porosities should 
also be the same. In this case, for the system clove + CO2, 
similar OECs were obtained when the yields were 15 g/100 g 
for laboratory scale and 14.5 g/100 g for pilot scale, with a 
15-fold mass scale up (from 0.226 kg to 3.434 kg). The value 
of 
21CO
Q was 9.610-5 kg/s and of 
22CO
Q was 1.4510-3 kg/s, 
corroborating the 15-fold increase in solvent flow rate at bed 
2 with relationship to bed 1. 
 Martínez et al. [86] maintained the solvent residence time 
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 Substituting Eq. (5) in Eq. (13) and assuming that the bed 
porosity are equal in the small and large scale extractor ves-
sels, we have: 
Fig. (6). Effect of bed geometry on OECs for SFE performed at 25 MPa, 303 K and 8.3310-5 kg CO2/s [85] (with permission). 
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 Prado et al. [7] carried out SFE of bioactive compounds 
from grape seed (Vitis vinifera L.) with CO2 at the laboratory 
scale (2.9102 cm3) and at the pilot scale (5.15103 cm3) (see 
Table 2). The criterion of maintaining constant S/F (Eq. 
(11)) at about 16.7 as well as the extraction time was adopted 
for a given temperature and pressure. The results demon-
strate similar kinetic profiles at different scales: yield of 
13.4 g/100 g for laboratory scale and yield of 11.9 g/100 g 
for pilot scale. At 300 min of operation, the pilot scale OEC 
shows a slightly higher yield (11.9 g/100 g) than the labora-
tory scale OEC (11.2 g/100 g), showing a 6 % difference 
between them. The relationships among the process labora-
tory, pilot or industrial scales cannot always be simplified or 
predicted. The observed differences in procedures conducted 
in extractors with different volumes should be studied care-
fully and evaluated to avoid serious mistakes. 
 Martínez et al. [86] maintained the solvent interstitial 
velocity constant at the extraction bed with the objective of 
keeping the OEC profiles among different extractor geo-
metries equal. The CO2 mass flow rate (QCO2) was fixed pro-
portionally to the extractor transversal section area to satisfy 








= = (15) 
















 If the extractor diameter is increased by a factor of 10, 
the volumetric flow rate would have to increase by a factor 
of 100. This assumption maintains the same superficial ve-
locity of the solvent. Considering that the extractor height is 
also increased 10-fold to keep the same Hb/db ratio, the mass 
of raw material would have to be increased 1000-fold to 
maintain the same bulk density within the extractor [87]. 
However, this criterion is not considered valid for a scale up 
procedure because it does not combine the solvent flow rate 
with the raw material mass packaged into the extractor. In 
this case, for extractors with an elevated Hb/db ratio, CO2 
might be saturated with extractable substances. According to 
results found by Martínez et al. [86], which fixed the solvent 
superficial velocity in both beds, it was not evident that it is 
possible to promote scaling up of the process while main-
taining the same OEC profiles. The SFE curves of clove oil 
in assays with constant velocity were different. The extrac-
tion rate was significantly lower with a 300 cm3 extractor 
than with a 5 cm3 extractor, mainly at CER (constant extrac-
tion rate) period. One of the reasons for the poor mass trans-
fer rate in the 300 cm3 extractor is the low proportion of sol-
vent used compared to the quantity of feed raw material, 
indicating that the amount of CO2 was insufficient in this 
referred process. Eq. (16) is therefore not appropriate for 
solvent flow rate calculations for scale up procedures among 
different extractor geometries (different Hb/db ratio). 
 The four equations (Eq. (7), Eq. (10), Eq. (11) and 
Eq. (14)) may be employed to obtain similar profiles when 
the objective is to transfer the SFE process from laboratory 
scale to pilot or industrial scales. To maintain similar pro-
files, the knowledge of which parameters will be kept con-
stant and which information is needed for process develop-
ment is necessary. Scientific studies in the literature do not 
report experimental results for extract yields obtained by 
supercritical fluid extraction using the same raw material at 
different scales comparing the cited criteria (constant extrac-
tion time; constant S/F ratio; constant superficial velocity) 
for process variable calculations. Research covering the 
combined used of Eq. (7), Eq. (10), Eq. (11), Eq. (14) and 
Eq. (16) for performing the scale up study of the supercriti-
cal fluid extraction process comparing the obtained OEC 
profiles has not been performed. The equations that would be 
preferable for calculating parameter values when the scale up 
is accomplished cannot be determined. Detailed experimen-
tal studies are therefore needed to compare whether the over-
all extraction curves are overlaid when Eq. (7), Eq. (10), 
Eq. (11), and Eq. (14) are used and if Eq. (16) is really not 
helpful as a way to calculate the solvent flow rate for higher 
scales. 
2.3. Effect of Particle Average Size and Extraction Time 
 The knowledge of how the particle average size influ-
ences extraction kinetics profiles is relevant to performance 
of an SFE procedure. Han et al. [88] show these effects on 
extraction of safflower seed oil at dp values of 0.35 mm and 
0.85 mm. The sample with lower dp was found to have a 
larger extraction ratio ( 90 %) compared to the sample with 
larger dp (extraction rate  60 %) at the same time. Han et al. 
[88] noted that, as the particles were smaller, the effective 
solvent-solid contact area was higher, leaving the compo-
nents of interest more accessible to the supercritical solvent 
and improving the extraction rate. The slope of the OEC at 
the CER period was lower with particles of a larger average 
size (0.85 mm) than with smaller particles (0.35 mm). These 
results are in accordance with Ab Rahman et al. [89], 
Milosevi et al. [58] and Machmudah et al. [64], who men-
tion that decreasing the particle size decreases the mass 
transfer resistance and, consequently, enhances the recovery 
of lycopene and -carotene. 
 Particles that are too small permit a high compression 
inside the extractor, creating difficulties in obtaining the ex-
tract. Zhang et al. [90] corroborated this observation when 
they used raw material with a small average size (0.15 mm) 
and verified that the particle size was so small that it jammed 
the screen and the supercritical solvent flow rate declined. 
Consequently, the carotenoid yield decreased. The results 
obtained by Tello et al. [12] show that grinding not only did 
not improve the performance of the process but also hin-
dered the operation of the process. In the work of Tello et al. 
[12], a compact bed was shaped so the CO2 passed through 
preferential channels, probably around the bed, without mak-
ing efficient contact with the raw material. Grinding is a unit 
operation that increases the cost of manufacturing by re-
questing powder produced at a high energy cost. Evaluating 
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the influence of this parameter for SFE by performing pre-
liminary assays to verify which dp will maximize the bene-
fit/cost ratio is important. 
 Regarding extraction time, the process can be divided in 
three steps [61, 72]: 
1) A constant extraction rate (CER) period. 
2) A falling extraction rate (FER) period, representing
the stage for which both convection and diffusion in
the solid substratum control the process. 
3) A diffusion-controlled (DC) rate period. 
 These steps are displayed in the OECs displayed for 
grape seed extract [7], annatto seed extract [91], chia seed oil 
[66], anise seed extract [79], chamomile flower volatile oil 
[41], peach almond oil [31], sunflower seed oil [92], maize 
flower flavonoids [93], red pepper oil [51], olive husk ex-
tract [81], rosemary leaf extract [14], ginseng root -
ecdysone [18], sage leaf diterpenes [20], yerba mate leaf 
alkaloids [94], vetiver root volatile oil [46] and valerian root 
sesquiterpenes [95]. 
 The influence of extraction time on the process was in-
vestigated by Zarena et al. [96], who found that time signifi-
cantly affected the extraction yield. The interaction between 
pressure and time was also positive and significant at p  
0.01, indicating a synergetic effect between pressure and 
time on extraction yield. When extraction time and pressure 
rose from 300 min to 480 min and 25 MPa to 38 MPa, the 
maximum extraction efficiency was obtained, because the 
longer extraction time and higher pressure facilitate solvent 
penetration through the interior of the sample matrix. Santos 
et al. [62] reported that the extraction time negatively influ-
enced the extraction of anthocyanin pigments because degra-
dation may have occurred. Most of volatile compounds are 
extracted in the CER period or at the beginning of the extrac-
tion process. The work of Moura et al. [9] attests to this in-
formation. The authors obtained, at 120 min of extraction 
(CER period), approximately 73 g/100 g of the total accumu-
lated yield obtained at 420 min. Rahimi et al. [41] show a 
profile that indicates that extraction for a period of time 
longer than 300 min did not apparently increase the overall 
amount of extract obtained from chamomile (Chamomilla 
recutita L.). The patent EP1818388-A1shows that the first 
extraction step (the CER period) allows a significant extrac-
tion of highly enriched fractions of bioactive compounds 
with supercritical and near critical fluids [97]. However, a 
longer extraction time has a positive effect when the objec-
tive is extracting constituents such as carotene, sterols and 
vitamin E [49], nonvolatile oil [59] and lipids from pressed 
palm oil fibers where the OECs have linear profiles [98]. 
2.4. Effect of Solvent Flow Rate and Cosolvents 
 The SFE yield from solid matrices also depends on the 
solvent flow rate and use of cosolvents as modifiers, directly 
considering the mode of mass transfer in the system. The 
flow rate is associated with the velocity of the supercritical 
fluid flowing through the packaged material inside the ex-
tractor. If the velocity is sufficiently high, the contact time 
between solvent and solid interface is reduced, and the ex-
traction cannot show high efficiency. If the velocity is sig-
nificantly slower, the penetration of the solvent into the 
vegetal matrix is deeper and prolonged, generally resulting 
in a time-restrictor for the process. 
 Some solvents used in supercritical technology are ethane 
[99], methanol [100, 101], propane [102], ethanol [103, 104], 
butane [105] and the widespread CO2 [7, 24, 66, 89, 106]. 
Albuquerque and Meireles [91], working with the production 
of tocotrienol-rich oil from annatto in assays at 313/333 K, 
20/31/40 MPa and 5.510-5-19.910-5 kg CO2/s found that
increasing the CO2 flow rate led to similar yields in all ex-
periments. However, increases in solvent flow rate reduced 
the process time. Ghoreishi et al. [65], studying the optimi-
zation of essential oil and diosgenin extraction from Tribulus 
terrestris, demonstrated that the essential oil recovery in-
creased when the CO2 flow rate was initially increased, but 
began to decrease when the volumetric solvent flow rate 
exceeded 1.610-2 cm3/s. The extraction process is obviously 
limited by the solubility of the solute in supercritical CO2 or 
by the occurrence of immediate withdrawal of volatile oils as 
the process started running, because this oil is easily extract-
able as compared to the fixed oil. Similar behavior was ob-
served by Ab Rahman et al. [89], who performed supercriti-
cal carbon dioxide extraction of residual oil from palm ker-
nel cake. The authors observed that an increment in solvent 
flow rate reduces mass transfer resistance and allows the 
maximum extraction yield to be obtained. Any additional 
flow rate increment led to the loss of equilibrium conditions, 
and the solvent remained unsaturated at the extractor output, 
even with the high mass transfer rate. 
 Clean CO2 in the supercritical region is a suitable solvent 
for nonpolar components, although its efficacy diminishes 
for polar components. For polar components, modifiers 
(known as cosolvents) are used to improve the yield and to 
selectively extract target compounds. Cosolvents may en-
hance the solubility of the analytes in the solvent mixture. 
The cosolvents employed in SFE possess the specific proper-
ties that are indicated for a particular substance or a class of 
substances. An effective extraction technique using methanol 
as a cosolvent has been reported for optimization of the ex-
traction of two indolequinazoline alkaloids, evodiamine and 
rutaercarpine, from Evodia rutaecarpa [107]. Unfortunately, 
in this case, due to the use of methanol, the SFE process lost 
the green label. A German patent DE4429506-A presents the 
extraction of carotenoids from dried material with propane or 
butane. It was found that the solubility of both solvents can 
be improved when a cosolvent is used [108]. These solvents 
can be easily removed by expansion. 
 SFE of bioactive compounds from sunflower leaves (He-
lianthus annus L.) was performed with CO2 and H2O in a 
2103 cm3 extractor vessel. The best yield was achieved by 
using 1.3310-3 kg/s CO2 + 6.6710
-5 kg/s H2O [40]. Fig-
ure 7 presents OECs determined by Felföldi-Gáva et al. [38], 
representing the yields of extraction from Alnus glutinosa 
bark under different conditions as a function of CO2 usage 
(g CO2/g dry material). The higher kinetics extraction yields 
shown in Fig. (7A) were obtained at 45 MPa/333 K. The 
shape of the extraction curves seen in Fig. (7B) indicates that 
30 MPa/333 K/10 % EtOH as cosolvent proved to be the 
best set experimental conditions. The EtOH content thus had 
a determinant effect on total extraction yield, facilitating 
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solvation of the more polar substances by enhancing the sol-
vent polarity. At 30 MPa, 313 K and 42.5 kg CO2/kg dry 
material, the yield was 1.72 g/100 g, as presented in Fig. (7A), 
whereas at 30 MPa, 313 K, 10 % EtOH and 42.5 kg CO2/kg 
dry material, the yield was 3.12 g/100 g, as presented in 
Fig. (7B)). Elevated yields were reached at 30 MPa with 
EtOH addition, allowing lower energetic expenditures if 
compared to the process occurring at 45 MPa without cosol-
vent addition. 
 The patent CN102274251-A cites the efficiency of using 
a dosage of 100-150 mL ethanol/100 g feed material in the 
SFE of alkaloids. The method comprises crushing caper al-
kaloids raw materials, placing in a kettle, feeding ethanol 
and supercritical CO2 to extract and separating high-pressure 
fluid. The results showed high extracting rate and improved 
specificity [109]. Table 2 displays several studies of the in-
fluence of cosolvent use: ethanol [18, 46, 53, 54, 81, 110-
116], methanol [83, 95, 117, 118], water [30, 40, 57], ethanol 
+ ethyl acetate [10], ethanol + isopropyl alcohol [56], ethyl 
acetate + n-hexane [119], ethanol + water [55, 70] and vege-
table oils [120]. 
3. COST OF MANUFACTURING (COM) ESTIMA-
TION OF SFE 
 Besides being technically viable, a supercritical process 
must demonstrate economic feasibility. According to Baker 
[121], who published a document at Association for the Ad-
vancement of Cost Engineering (AACE) International, effec-
tive cost and schedule management are critical success fac-
tors for all projects. Unfortunately, the majority of projects 
experience schedule slippage with subsequent cost overruns. 
The purpose of this section is to explain the results obtained 
by recent studies in this field that cite the elementary tools 
necessary to perform cost of manufacturing estimation and 
relate factors that influence SFE COM on the industrial 
scale. 
3.1. Economic Evaluation 
 The costs related to the day-to-day operation of a chemi-
cal processing plant must be estimated before the economic 
feasibility of a proposed process can be assessed. The factors 
affecting the COM are: direct manufacturing costs, including 
raw materials, waste treatment, utilities and operational la-
bor; fixed costs, including depreciation, local taxes and in-
surance; general expenses, including the administration 
costs, distribution, selling costs, research and development, 
among others [28]. Some papers published recently deal with 
the assessment of industrial economic feasibility of some 
SFE processes. Mezzomo et al. [31] studied the COM for 
SFE of peach almond oil using a unit with 2 columns of 
4105 cm3 (1) and a unit with 3 columns of 3105 cm3 (2), 
both with 30 min of process time operating at 20 MPa, 
313 K, initial and final moisture of 50 g/100 g and 
35 g/100 g, batch density of 741 kg/m3 and yield of 
4.8 g/100 g. The COM obtained at unit 1 with a flow rate of 
1.39103 g CO2/s was US$ 4.64/kg, while the COM obtained
at unit 2 with a flow rate of 1.04103 g CO2/s was US$ 5.22/kg.
According to the authors, the specific cost is directly propor-
tional to the extraction time, so unit 1 showed the lowest cost 
at 30 min. A higher CO2 flow rate can be employed in this 
unit due to the larger column used, increasing the mass of 
extract (productivity of 225,359 kg/year) and reducing the 
specific cost. Considering the market selling price for peach 
almond oil of US$ 40.00/kg, economic analysis indicates the 
high viability of an industrial plant establishment. 
 Table 3 shows economic data for some botanic matrices. 
Comim et al. [19] presented the specific cost of banana peel 
extract estimated for a unit consisting of 2 extractors of 
5104 cm3 (A) and for a unit consisting of 2 extractors of 
4105 cm3 (B). The time of annual operation was set at 
7,920 h/year, representing 24 h/day during 330 days/year. 
The cost of operational labor (COL) was set US$ 3.00/h and 
the cost of raw material (CRM) was defined to be equal to 
zero because it is an agro industrial residue that can be 
Fig. (7). Overall extraction curves of Alnus glutinosa bark supercritical extracts obtained for a extractor of 510-3 m3 and 800 g of feed; experi-
mental data obtained as described by Felföldi-Gáva et al. [38]: (A) with supercritical CO2; and (B) with ethanol addition (with permission). 
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(1) 5104 Jabuticaba 9 5 MPa, 353 K, static ethanol 13.0 235,068 19.26 [62] 
(1) 1105 Jabuticaba 9 5 MPa, 353 K, static ethanol 13.0 470,137 17.24 [62] 
(1) 3105 Jabuticaba 9 5 MPa, 353 K, static ethanol 13.0 1,410,411 15.53 [62] 
(1) 5104 Grape 300 35 MPa, 313 K, CO2 (S/F = 6.6) 13.4 6,637 43.09 [7] 
(1) 5105 Grape 300 35 MPa, 313 K, CO2 (S/F = 6.6) 13.4 66,375 11.93 [7] 
(2) 4105 Spearmint 180 30 MPa, 323 K, 0.33 kg CO2/s 8.9 14,098 242.26 [31]
(3) 3105 Spearmint 180 30 MPa, 323 K, 0.25 kg CO2/s 8.9 10,573 288.22 [31]
(2) 4105 Banana 35 30 MPa, 323 K, 1.07 kg CO2/s 2.5 87,301 13.69 [19] 
(2) 5104 Banana 35 30 MPa, 323 K, 0.13 kg CO2/s 2.5 10,913 27.34 [19] 
(1) 4105 Buriti 55 30 MPa, 313 K, 0.72 kg CO2/s 13.4 273,200 22.56 [29]




38 30 MPa, 328 K, 0.22 kg CO2/s 4.6 40,400 19.46 [29]
(2) 4105 Peach almond 30 20 MPa, 313 K, 1.39 kg CO2/s 4.8 225,359 4.64 [31]
(3) 3105 Peach almond 30 20 MPa, 313 K, 1.04 kg CO2/s 4.8 169,019 5.22 [31]
(2) 4105 Yerba mate 90
35 MPa, 318 K, 3.510-5 kg (CO2 
+ 5 % (v/v) EtOH)/s 
1.5 10,083 79.35 [122]
(2) 5103 Annatto seeds 40 40 MPa, 333 K, CO2 (S/F = 2.4) 2.1 814 292.50 [91] 
(2) 5105 Annatto seeds 40 40 MPa, 333 K, CO2 (S/F = 2.4) 2.1 81,422 109.27 [91] 
(2) 4105 Anise 100 10 MPa, 303 K, 0.1 kg CO2/s 8.0 115,338 14.32 [123]
(2) 4105 Fennel 80 25 MPa, 303 K, 0.12 kg CO2/s 12.5 131,008 7.72 [123]
(2) 4105 Rosemary 100 30 MPa, 313 K, 0.13 kg CO2/s 5.0 33,956 30.29 [123]
(2) 4105 Ginseng 180 20 MPa, 303 K, 0.12 kg CO2/s 0.2 129 2,766.00 [18]
(1) 1106 Chamomile 240 LPSE, 313 K, EtOH (S/F = 6.0) 4.1 10,475 460.00 [180] 
(1) 1106 Chamomile 600 16 MPa, 313 K, 6.710-5 kg CO2/s 3.6 9,227 661.00 [180] 
(1) 4105 Clove 70 2 MPa, 318 K, 0.03 kg CO2/s 12.9 181,632 9.21 [110]
(1) 4105 Fennel 125 5 MPa, 323 K, 0.11 kg CO2/s 12.1 77,725 39.04 [110]
(2) 4105 Sweet basil 60
30 MPa, 303 K, 1.6 kg (CO2 + 20 
% (w/w) H2O)/s 
24.0 25,547 47.96 [30]
(2) 3105 Macela 235 30 MPa, 313 K, CO2 (S/F = 7.1) 1.3 3,159 585.49 [181] 
(2) 4105 Lemon verbena 30 35 MPa, 318 K, 0.13 kg CO2/s 1.5 34,214 26.96 [27]
(2) 4105 Mango 30 25 MPa, 318 K, 0.07 kg CO2/s 3.1 70,709 52.45 [27]
S/F: solvent to feed ratio (kg of solvent/kg of feed). 
*: mass of extract/mass of feed. 
**: costs evaluated for the crude extract. 
LPSE: low pressure solvent extraction. 
Values between parentheses in first column represent the number of extractors in a plant. 
incorporated into soil. The initial and final moisture content 
was 86.5 g/100 g and 18.0 g/100 g. CO2 flow rates were es-
tablished at 0.13 kg/s (A) and 1.07 kg/s (B). The yield achieved 
was 2.5 g/100 g. The lowest specific cost, US$ 13.69/kg, 
was observed for 30 MPa, 323 K, 35 min of extraction and 
for unit B. At 35 min, the process is at the CER period, 
where the highest rate of mass transfer is observed. In com-
parison with unit A, with the specific cost estimated as 
US$ 27.34/kg, unit B provided a lower COM due to a higher 
production scale, attenuating the COL related to mass of 
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product. The COM is formed by a combination of fixed in-
vestment (FI), CRM, cost of utilities (CUT), cost of waste 
treatment (CWT) and COL. The most representative cost 
involved in SFE was FI, because the construction of the su-
percritical extraction unit is still complex and expensive. For 
unit A, the COL was the second higher cost, while for unit B 
the CRM was the second higher cost. In both studies by 
Comim et al. [19] the COL was the same, while the produc-
tivity was higher in unit B, reaching 87,301 kg of ex-
tract/year. In this unit the COL was therefore diluted by the 
higher mass of extract obtained, making a smaller contribu-
tion to the COM. 
 Figure 8 presents the contributions of each cost for SFE 
of peach almond oil [31]. The results indicate that the influ-
ence of FI, COL and CUT on COM values was lower at 
shorter extraction times, and the CRM influence was higher 
for both sets of equipment used. The time reduction repre-
sents a higher CRM because there was an increase in the 
number of batches completed in one work day. As can be 
seen from Fig. (8), FI also shows the larger percent of COM, 
slightly lower for equipment with two columns of 
4105 cm3. The low CRM value was caused by the low cost 
of peach almond, and CWT was considered to be equal to 
zero because the solid residue generated after extraction can 
be used as a fiber source or as fuel for boilers. SFE is con-
sidered an environmentally safe technology, economically 
competitive with traditional technologies. 
 Another example displayed in Table 3 is reported by 
Prado et al. [29]. In this work, the authors simulated the 
COM of oil from three Amazonian palm trees: buriti, pu-
punha and pressed palm fiber. For buriti oil extraction, the 
lowest COM was US$ 22.56/kg, and the oil was obtained in 
the CER period (55 min), indicating that 55 min is the opti-
mized process time for attaining 273,200 kg/year. Fruit com-
position is a factor that plays an important role in COM and 
can indicate whether an SFE process is viable or not. The 
COM of buriti oil can be up to 4.8-fold higher when the 
fruits are unripe. For pupunha oil, the lowest estimated COM 
was US$ 17.15/kg and the productivity was 377,000 kg/year. 
These results were obtained for a process time of 30 min 
(CER period). The lowest COM observed for pressed palm 
fiber oil was US$ 19.46/kg at 2.210-2 kg CO2/s, 30 MPa,
328 K and for a process time of 38 min. Under these condi-
tions, the COM of carotenoids was US$ 3.60/g. The FI rep-
resented the major cost, responsible for approximately 
77.3 % of COM, followed by COL (15.3 %) and CUT 
(5.5 %). The annual amount of oil recovered was lower 
(40,400 kg/year), because the apparent bed density was also 
lower (177 kg/m3) when compared to buriti (590 kg/m3) and 
pupunha (671 kg/m3). 
 Leal et al. [18] performed SFE from Brazilian ginseng 
(Pfaffia paniculata and Pfaffia glomerata). The estimated 
COM at 20 MPa, 303 K and 0.12 kg CO2/s was 
US$ 2,766.00/kg. Despite the high COM, the value is within 
the range expected for SFE extracts, which vary from 
US$ 25.00/kg to approximately US$ 7,000.00/kg. This high 
cost is directly influenced by the expensive raw material 
cost, responsible for 75 % of the COM. Unlike the studies 
previously cited [29, 31], FI was responsible for only 12 % 
of COM for Brazilian ginseng. CUT and COL showed the 
lowest shares, representing 7 % and 5 %, respectively. Over-
head COM was also found in the literature, as US$ 242.26/kg 
for spearmint extract [31] and US$ 440.31/kg for Tabernae-
montana catharinensis alkaloids [122]. 
 Pereira and Meireles [123] performed an economic 
analysis of the production of SFE extracts and essential oils 
of rosemary (Rosmarinus officinallis), fennel (Foeniculum 
vulgare) and anise (Pimpinella anisum). The calculations 
were performed for an industrial scale unit with two 
4105 cm3 columns using a bed density of 358 kg/m3, 
440 kg/m3 and 760 kg/m3 for rosemary, fennel and anise, 
respectively. The extraction time was assumed to be a time 
that produces a high amount of extract and a lower cost. For 
rosemary and anise extracts, the time was 100 min, while for 
Fig. (8). Contribution of the partial costs on COM for SFE of peach almond oil for different extraction units and operating times [31] (with 
permission). 
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fennel extract the time was 80 min of extraction. The tem-
perature and pressure were set as presented in Table 3. For 
these solid matrices, the SFE extracts achieved are essen-
tially characterized by two fractions: the volatile oil fraction 
and the oleoresin fraction. To estimate the COM, the amount 
of essential oils present in the extracts varied between 
50 g/100 g and 100 g/100 g. Under these conditions, the 
lowest COM was found to be US$ 30.29/kg for rosemary, 
US$ 14.32/kg for anise and US$ 7.72/kg for fennel. The 
authors compared the COM of SFE with the COM of steam 
distillation and verified that SFE extracts and essential oils 
showed a lower cost of production, supporting the economic 
viability of the SFE process in the recovery of bioactive frac-
tions from natural matrices. 
 Takeuchi et al. [110] also conducted economic analysis 
for obtaining SFE fennel extract using the SuperPro Designs 
6.0® Software. They obtained a COM between US$ 38.50/kg 
and US$ 40.00/kg. The higher cost of fennel extract, com-
pared to the previous study [123], can be attributed to the 
joint effect of a longer extraction time (130 min), higher 
temperature (323 K) and lower pressure (5 MPa), which 
could make an extraction batch less productive. The COM 
increases as temperature increases and pressure decreases. 
Higher losses of anethole dissolved in a solvent phase dem-
onstrated a significant impact on the separation step and, 
consequently, on COM. 
 Casas et al. [124] described an industrial design of a mul-
tifunctional carbon dioxide extraction plant consisting of 
three extraction vessels for recovery of colorants and anti-
oxidants from grape skin, tocopherol from olive leaves and 
bioactive compounds from sunflower leaves. The dimen-
sions of the extraction plant were sufficient to allow process-
ing of 200-1,500 kg/day of raw material. A description of the 
investment cost for construction of a proposed plant is 
 3,134,600.00 and the estimated operational cost was 
 195,000.00/year. Patel et al. [125] summarized the techno-
economic feasibility for SFE for refined cashew nut shell oil. 
Operating at 30 MPa and 323 K, COM was observed to be 
very high for a short extraction period caused by the increase 
in CRM for a short extraction period. The percentage share 
of CRM decreased from 12 % to 3 % for an extraction time 
of 12-150 min. In this case, the profit was larger for an ex-
traction time of 54 min with 95 % cashew nut shell liquid 
purity (cardanol percentage concentration). At this extraction 
time, the COM was US$ 1.2/L, and the annual internal rate 
of return was 28 %, making the process viable. 
 Prado et al. [7] performed an economic evaluation of 
grape (Vitis vinifera L.) seed extract by the SFE process. 
Three extraction units were evaluated, all with the same de-
sign, but with extractor volumes of 5103 cm3, 5104 cm3 
and 5105 cm3. Operational data were based on pilot scale 
assays, and the scale up criterion consisted of maintaining 
S/F (solvent to feed ratio) constant. Under the same opera-
tional conditions (35 MPa, 313 K, S/F of 6.6, 300 min of 
operation and 13.4 g/100 g of yield), the COM was superior 
for the smaller extractor (US$ 180.72/kg) compared to the 
5104 cm3 extractor (US$ 43.09/kg) and to the 5105 cm3 
extractor (US$ 11.93/kg). The superior COM resulted from 
the increased productivity for the extract obtained from ex-
tractor vessels of larger volume. According to the authors, 
the SFE process starts being viable in a plant with a 
5105 cm3 extractor, depending on the selling price of the 
product. Figure 9 shows the three scenarios studied. Consid-
ering a selling price for grape seed oil of US$ 80/kg, the 
plant with 5104 cm3 and 5105 cm3 extractors are economi-
cally viable. The extraction time acts slightly on COM for 
the plant with the bigger extractor. From the technical-
economic evaluation, an extraction time of 240 min with the 
5105 cm3 extractor volume therefore presented the best re-
lationship between yield and cost. 
Fig. (9). COM estimation of grape seed oil obtained by SFE with 
grape seed costs of US$ 2.70/ton; dotted lines represent selling 
price of oil obtained by cold pressing in Brazilian (US$ 40.00) and 
international (US$ 80.00) [7] (with permission). 
4. CURRENT & FUTURE DEVELOPMENTS
 The literature data presented in this review constitute an 
abridgment of recent research findings concerning super-
critical fluid extraction of bioactive compounds from botanic 
matrices. The course of an extraction and the kinetic yields 
have been demonstrated to be influenced by operational pa-
rameters such as pressure, temperature, extractor characteris-
tics, sample particle size, extraction time, solvent flow rate 
and use of cosolvents. Special attention is paid to extractor 
geometry (different Hb/db ratio), mainly relative to the effect 
on OECs involving extractor size and extractor volume. The 
information presented in this paper shows that Hb/db plays a 
significant role in the design of extraction vessels for many 
solid substrates. A large variety of the botanic material that 
has been studied is presented, including leaves, seeds, flow-
ers, pulp, peel, bark and fruit. However, experimental re-
search including the study of mass transfer rates in different 
bed geometries is necessary for scale up applications. A 
good deal of further experimentation is necessary to compare 
whether similar OECs are obtained using Eq. (7), Eq. (10), 
Eq. (11) or Eq. (14). 
 Presently, there is a large amount of data available in 
literature for OECs from a variety of botanic matrices. Re-
cently, several mathematical models are displayed in litera-
ture to describe the OECs; the mathematical models range 
from very simple to very sophisticated. The purposes of this 
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work were call the reader attention for basic information that 
should be considered for the scale up of SFE processes. 
 The relevant information can come from very simple 
phenomenological equations or even from empirical ones; 
there is a need for development of simple and accurate equa-
tions that can be used to relate process parameters in differ-
ent scales, as is the case of Eq. (11).  
 New experimental data will be needed in order to evalu-
ate the role of the bed geometry (Hb/db) in the scaling up of 
the process. Therefore, besides information on the following 
process parameters: pressure, temperature, mean particle 
diameter, extraction time, solvent flow rate, the use of cosol-
vent, SFE experimental data should also provide information 
on bed geometry in order to complete the data set needed to 
scale up the process. Therefore, new experimental data fo-
cusing on the bed geometry would be very welcome. 
 The estimation of cost of manufacturing for several raw 
materials demonstrates that units with larger capacities (such 
as 5105 cm3) prove to be economically viable for producing 
extracts using supercritical technology. The future trends for 
supercritical technology look bright with the expectation that 
the industrial applicability of SFE can override certain limi-
tations discussed here, because SFE is a promising green 
extraction method that usually utilizes the cheap and non-
toxic CO2. 
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a b s t r a c t
There is a need for scientific research that evaluates the influence of important process variables on
the scale up of supercritical technology. For supercritical fluid extraction (SFE), one of these variables
is the extractor’s bed geometry, which can be defined by the ratio of the bed height (HB) to the bed
diameter (DB). A systematic study is needed to select suitable criteria that can be used to obtain similar
extraction curves among beds with different geometries. In this study, maintaining a constant ratio of
solvent mass to feed mass for two beds with 1-L volumes but different geometries (E-1: HB/DB = 7.1; E-2:
HB/DB = 2.7) was confirmed as a successful scale up criterion. For constant values of the temperature,
pressure and bed porosity, there is experimental evidence that the mass transfer rate is equal in the two
beds when the solvent flow rate is high. When 0.6 kg of clove buds was packed in the beds, the extraction
rates were 2.10 ± 0.08 and 2.3 ± 0.1 g extract/min for beds E-1 and E-2, respectively. However, when
the solvent flow rate was lower, the extraction rates were 0.93 ± 0.06 and 1.12 ± 0.02 g extract/min for
beds E-1 and E-2, respectively. This difference in behavior between the extraction beds is associated
with the axial dispersion of the fluid, which is more pronounced when the HB/DB ratio is increased.
Thin particles tend to compact in the beds with high HB/DB ratios, which shorten the solvent passage.
Non-isothermal profiles and differences in chemical composition of the extracts were also observed:
17% more -humulene and 9% more eugenol were extracted in E-1 and E-2, respectively.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction
According to the literature, supercritical technology has
been used in laboratory and pilot-scale procedures to obtain
high added-value compounds such as polyphenols [1], toco-
pherols [2] and sesquiterpenes [3]. Clove bud oil is rich
in phenylpropanoids (e.g., eugenol) and sesquiterpenes (e.g.,
-caryophyllene and -humulene). These compounds have antimi-
crobial, anti-inflammatory and antioxidant activities in addition to
cytotoxic and anesthetic properties [4].
Clove is one of the principal spices produced in Brazil, and it
has been used widely in the food, cosmetics, and cigarette and
pharmaceutical industries. Clove is an ideal candidate for super-
critical fluid extraction (SFE) studies, although little information
about the process engineering of extraction has been gathered.
Cloves are a model raw material for many experimental stud-
ies in supercritical technology. The high concentration of volatile
oil present in its buds and the ease of quickly extracting this oil
[5] relative to other raw materials such as palm fiber [6] and
∗ Corresponding author. Tel.: +55 19 3521 4033; fax: +55 19 3521 4027.
E-mail address: meireles@fea.unicamp.br (M.A.A. Meireles).
ginger [7] make the clove highly appropriate for use in exploratory
research.
Thus, cloves are useful for systematic studies of the influence of
bed geometry on extraction profiles. One of the important types of
information used to design extraction columns concerns the phase
equilibrium among the supercritical fluid, the extracted solutes
and the lignocellulose structure where the solute is distributed
[5,8].
Therefore, the analysis of the overall extraction curves (OEC)
provides insight about the process characteristics and is fundamen-
tally important for the study of the extraction kinetics [9]. By fixing
the pressure and temperature, other variables involved in OEC per-
formance, such as the solvent flow rate and the bed geometry, can
be studied using the HB/DB ratio [10].
The comparison of the extraction curves obtained with differ-
ent extractors (or beds) is quite limited due to the multiple factors
that influence the extraction kinetics [11]. This important factor
explains the scarcity of information on the scale up of SFE pro-
cesses.
Thus, the objective of this paper was to perform a systematic
evaluation of the influence of the bed geometry on the OECs while
emphasizing the mass transfer rate, the temperature profiles and
the composition of the volatile oil.
0896-8446/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
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2. Materials and methods
2.1. Raw material characterization
Two lots of clove (Eugenia caryophyllus) buds were obtained
from the Municipal Market of Campinas-Brazil. Both lots were
examined manually to remove impurities and were stored at−18 ◦C
in a freezer (HC-4, Metalfrio, São Paulo, Brazil).
The raw material at −18 ◦C was comminuted in a knife mill (Mar-
coni, MA-340, Piracicaba, Brazil), and the particle size distribution
was determined using a vibratory system (Bertel, 1868, Caieiras,
Brazil) with sieves of mesh sizes 8–80 (Tyler series, Wheeling, USA).
The comminuted samples were packed in air impermeable bags
and stored again at −18 ◦C. The mean particle diameter (dp) was
determined according to the ASAE standards [12].
The moisture (U) content of the clove buds was determined
using the xylene distillation method [13]. This method is recom-
mended for solids that contain volatile oil because it discriminates
between water and volatile materials. The true density of the par-
ticles (r) was measured by picnometry with helium gas at the
Central Analytical Laboratory of the Institute of Chemistry – UNI-
CAMP (Campinas, Brazil). The apparent density of the bed (a) was
calculated by dividing the sample feed mass by the extractor vol-
ume. The porosity of the bed (ε) was calculated thus: ε = 1 − (a/r).
2.2. Determination of clove extract using LPSE
Clove extract was obtained using low-pressure solvent extrac-
tion (LPSE) to compare the yield and chemical composition with
those of the samples obtained using SFE. Milled clove (6 g) was
wrapped in a piece of filter paper and placed in a Soxhlet apparatus
connected to a solvent flask with 300 mL of petroleum ether (Eci-
bra, São Paulo, Brazil). The system was refluxed for 6 h. The solvent
was then removed from the extracted mixture using a rotary vac-
uum evaporator (Logen Scientific, LSCS-1/52C, Diadema, Brazil) at
40 ◦C. The extract mass was determined with an analytical balance
(Radwag, AS200/C/2, Radom, Poland). The assays were repeated 3
times.
Clove extract was also obtained using the volatile oil extraction
method [14]. Milled cloves (1 g) were put into conical tubes con-
taining 8 mL of ethyl ether (Ecibra, São Paulo, Brazil). The tubes
were agitated manually and then kept static for 30 min. Then,
they were agitated again and centrifuged at 950 × g for 5 min
(Novatecnica, NT810, Piracicaba, Brazil). The supernatant fluid was
collected and evaporated in a rotary vacuum evaporator (Logen Sci-
entific, LSCS-1/52C, Diadema, Brazil) at 40 ◦C. The volatile oil mass
was determined with an analytical balance (Radwag, AS200/C/2,
Radom, Poland). The assays were replicated 4 times.
2.3. Assembly of the SFE-2 × 1L equipment and operating
procedures
The extraction equipment utilized in this study was assembled
at LASEFI (Laboratory of supercritical technology: extraction, frac-
tionation and identification of vegetal extracts) and contained two
1-L extractors (SFE-2 × 1L), as shown in the schematic drawing in
Fig. 1. Extractors E-1 and E-2 (Item 13) have the following inter-
nal dimensions: 0.407 m height/0.057 m diameter (HB/DB = 7.1) and
0.212 m height/0.078 m diameter (HB/DB = 2.7), respectively.
The SFE-2 × 1L equipment can operate at pressures up to 60 MPa
and in the temperature range of 20–150 ◦C, while supporting a
maximum solvent flow rate of 30 g/min. The steps for equipment
operation are as follows. (i) The CO2 contained inside the reservoir
(≈6 MPa) is cooled to −10 ◦C with a thermostatic bath (Marconi,
MA-184, Piracicaba, Brazil). (ii) The CO2 is pressurized with a pneu-
matic pump (Maximator, M-111L, Nordhausen, Germany), and the
system pressure is controlled by a back pressure regulator (Tescom,
26-1700, Selmsdorf, Germany). (iii) The pressurized CO2 is heated
through an isobaric path using a secondary thermostated bath
(Marconi, MA-126, Piracicaba, Brazil) and directed to the extrac-
tion beds. (iv) Band heaters are used to warm the extractors. (v)
The temperature and pressure are measured using thermocou-
ples and pressure gauges installed at specific points (Fig. 1). (vi)
The volumetric CO2 flow is controlled using a micrometering valve
(Autoclave Engineers, 10VRMM2812, PA, USA), but it is measured
with a flow meter (Cole Parmer, PMR1, IL, USA) at ambient condi-
tions of temperature and pressure (≈25 ◦C; 0.1 MPa). (vii) Finally,
the total amount of CO2 used in each experiment is measured using
a flow totalizer (LAO, G0.6, Osasco, Brazil). Data for CO2 density from
NIST [15] are used to convert the volumetric flow to mass flow.
The system extract + CO2 is expanded at the micrometering
valve, which allows the separation of CO2 and extract. The extract
is collected at ambient pressure in 150-mL glass flasks. After the
CO2 becomes gas, it passes through a cotton filter to remove the
small quantity of oil that may have been carried with the solvent
to avoid damaging the flow measurement instruments.
2.4. Temperature profiles in the extraction beds
2.4.1. System at ambient pressure
One-liter extractors with different geometries were used for the
experimental trials. The external temperature conditions must be
different to achieve similar average heat transfer rates with both
configurations. Thus, the static process time and the suitable tem-
perature conditions in the thermostatic bath (Item 12, Fig. 1) and
the band heaters (Item 15, Fig. 1) were determined. A study to
evaluate the temperature profile over time was conducted at dif-
ferent positions in the extraction beds. The objective was to keep
the clove + CO2 system at 40 ◦C (process temperature).
In the first part of this research, the temperature distribution
in the three directions (i.e., radial, axial, angular) of the cylindrical
extractors was studied. Fig. 2 shows the proportional temperature
collecting positions. Five points were selected for each proportion-
ally defined axial position (P): bottom (P/H = 0.1), center (P/H = 0.5)
and top (P/H = 0.9). The band heaters’ temperature was set at sev-
eral levels (i.e., 40, 50, 60 ◦C), which were defined in a completely
randomized full factorial design. The band heaters were turned on
prior to the experiment to stabilize the temperature of the extrac-
tor’s external surfaces. The extraction beds were filled completely
with clove (lot 1). This research was performed at ambient pressure
to preview the heat distribution in the beds. The temperature data
were collected every 2 min for a period of 90 min using thermocou-
ples (Pyrotec-TCJ, Campinas, Brazil) and a temperature indicator
(Autonics-T4WM, Campinas, Brazil). Each trial was replicated 2
times, and there were a total of 64 experimental runs.
2.4.2. Pressurized system
Based on the results obtained during the initial experimen-
tal development (Section 2.4.1, above), the second part of this
study consisted of measuring the temperature at the extractor out-
let while performing clove oil extraction with supercritical CO2
at 15 MPa. A 24-1 fractionated factorial design with a triplicate
central point was performed for each extractor to evaluate the influ-
ence of four factors: bath temperature (Tb – 45 ◦C (−1); 50 ◦C (0);
55 ◦C (+1); item 12, Fig. 1); band heater temperature (Th – 45 ◦C
(−1); 50 ◦C (0); 55 ◦C (+1)); static process time (ts – 20 min (−1);
25 min (0); 30 min (+1)); and CO2 mass flow (QCO2 – 5 g/min (−1);
15 g/min (0); 25 g/min (+1)). We analyzed the temperature of the
extract + CO2 stream at the outlet of the extractor as a response
to these four factors. The factor levels were defined based on the
information gathered in the first part of the temperature profile
research. The objective was to maintain the system at 40 ◦C. Eleven
Extração de Óleo de Cravo-da-Índia – Capítulo 4 –
66
58 G.L. Zabot et al. / J. of Supercritical Fluids 93 (2014) 56–66
Fig. 1. Schematic drawing of the SFE-2 × 1L equipment.
Fig. 2. Schematic representation of the temperature collection points inside the extractors.
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experimental trials were conducted for each extractor, and the sta-
tistical data analysis was performed using Minitab 16®.
2.5. Kinetics of clove oil extraction with supercritical CO2
The evaluation of the influence of the bed geometry is important
when planning to scale up a process. Similar profiles for the OECs
must be obtained to successfully scale up, independent of the bed
geometry. In this case, the set of relationships among the process
variables is fundamental. In general, the study of which parame-
ters should be held constant and which parameters should vary
is important when changing the scale and/or geometry. The lack
of information in the literature about this subject motivated us to
obtain experimental responses for these issues. Thus, we compared
the OECs from the two extraction beds (E-1, E-2) to identify the
appropriate relationships for scale up; this comparison included the
bed characteristics (HB, DB), the feed raw material (F), the extrac-
tion time (t), the solvent mass (S) and, consequently, the mass flow
(Q) and the interstitial velocity (u) of the solvent.
SFE of clove oil was performed using SFE-2 × 1L equipment at
40 ◦C and 15 MPa. According to Prado et al. [16], these are the best
conditions for obtaining volatile oil from this raw material. The
bed was filled completely with clove for the runs. Baskets of 80-
mesh with the same geometries as the extractors were utilized to
facilitate charging/discharging the vegetal matrix. For these extrac-
tions, CO2 (99.0% purity, Gama Gases, Campinas, Brazil) was used
as the solvent. For each trial, 20 samples of extract were collected
in 150-mL glass flasks at 2.5, 5, 10, 20 and 30 min over 210 min of
extraction. The yields (Y) in % (w/w) were calculated using Eq. (1).
Y = massextract(t)
massextract(t → ∞) · 100 (1)
The experimental OEC data were adjusted to fit a spline with 2
straight lines using the Proc Reg and the Proc Nlin procedures of
SAS 9.2® to estimate: tCER (the duration of the constant extraction
rate period – CER); MCER (the mass transfer rate for the CER period);
RCER (the yield for the CER period); and YCER (the mass ratio of solute
in the fluid phase at the extractor outlet for the CER period) [17].
These parameters were determined for each experimental repli-
cate, which allowed us to compare the curves for the extraction
beds.
Fitting n straight lines to the experimental data can be accom-
plished using Eq. (2). If 2 straight lines are fit, then Eq. (3) is used [17]
where MAX is the maximum function. The parameters obtained











bi · t (2)
Y(%) = b0 − C1 · b2 + (b1 + b2) · t (3)
2.5.1. SFE – equal interstitial velocity of CO2 in both extraction
beds
Some scientific papers [18,19] do not specify whether to use
the interstitial solvent velocity as a scale up criterion. Thus, the
goal of this step was to ascertain the effects of maintaining the
same interstitial velocity of CO2 (u) in the beds of the SFE-2 × 1L
equipment. The influence of u was evaluated at 3 tested levels with
respect to the responses: MCER, tCER, RCER and YCER. A completely
randomized full factorial design was used. The factors analyzed
were the bed geometry (E-1, E-2) and the interstitial velocity of
CO2 (A–C). The decoded values of u were A = 3.6 × 10−3 m/min,
B = 7.6 × 10−3 m/min, and C = 11.6 × 10−3 m/min. The CO2 mass flow
(QCO2 ) was calculated proportionally by matching the extractor’s
cross-sectional area (A) to the adopted criterion (Eqs. (4) and (5)).
The other process variables were equal for both beds, such as the
static time, the mass of feed (0.57 kg – lot 1), the pressure, the

















2.5.2. SFE – the same S/F ratio and extraction time in both beds
The same S/F (solvent mass to feed mass) ratio was used in both
extraction beds for the same extraction time, 210 min. Three levels
of S/F were set: I = 2.6, II = 4.6, and III = 6.6. For each extraction, we
used 0.6 kg (lot 2) of clove and 1.56, 2.76 and 3.96 kg of CO2 for the





; [∀(t1 = t2)] (6)








A completely randomized full factorial design was performed
with the three levels of S/F (I, II, III) and the two bed levels (E-1,
E-2). The trials were performed in duplicate with a total of 12 runs.
Because the bed volumes (V) and the extraction time are equal in
both extractors, the CO2 volumetric flows (Qv,CO2 ) are also equal,
as can be calculated using Eq. (7). For each level of S/F, the mean
solvent residence time was nearly equal in both beds because the
pressure, temperature, porosity and CO2 density were the same
in both cases. Thus, CO2 mass flow was proportionally equal for
each level of S/F: I′ = 7 × 10−3 kg/min; II′ = 13 × 10−3 kg/min; and
III′ = 19 × 10−3 kg/min.
2.6. Validating the SFE-2 × 1L equipment
After LASEFI’s researchers assembled the SFE-2 × 1L equipment,
the kinetic results obtained at SFE-2 × 1L were compared with
kinetic results obtained using commercially consolidated equip-
ment to validate the SFE-2 × 1L. Thus, the commercial Spe-ed
equipment (Applied Separations, 7071, Allentown, USA), which
available at LASEFI and has a 0.1-L extractor (E-3; HB/DB = 3.9), was
utilized as a validation reference.
Clove (lot 2) oil was obtained with supercritical CO2 and the
Spe-ed equipment using S/F = 6.6 during 210 min of extraction
to establish the SFE-2 × 1L. The corresponding CO2 mass flow in
E-3 was 1.9 × 10−3 kg/min. The other process parameters were
the same for the two sets of equipment: a, r, ε, T = 40 ◦C and
P = 15 MPa. Thus, E-3 was filled completely with 0.06 kg of clove.
2.7. Chemical analysis of extracts
The compositions of the clove extracts were determined using
a gas chromatograph with a flame ionization detector. A chro-
matograph GC–FID (Shimadzu, CG17A, Kyoto, Japan) equipped
with a capillary column of fused silica DB-5 (J&W Scientific,
30 m × 0.25 mm × 0.25 m, Folsom, USA) was used.
Each sample was diluted to 5 mg/mL in ethyl acetate (Synth,
lot 153016, Diadema, Brazil), and 1 L was injected into the
chromatograph. The sample split ratio was 1:20. The carrier gas
(Helium, 99.9% purity, White Martins, Campinas, Brazil) flowed
at 1.1 mL/min. The injector and the detector temperatures were
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220 and 240 ◦C, respectively. The column was heated from 60 ◦C to
246 ◦C at 3 ◦C/min by Kovats methodology for volatile oil analysis
[21].
The major compounds present in the clove extracts were identi-
fied by comparing the retention indices of the samples and external
standards. According to the literature, clove oil contains eugenol
(C10H12O – CAS 97-53-0), eugenyl acetate (C12H12O3 – CAS 93-
28-7), -caryophyllene (C15H24 – CAS 87-44-5) and -humulene
(C15H24 – CAS 116-04-1) [16,22,23]. Quantification was performed
using external standard calibration curves.
3. Results and discussion
Table 1 shows the information referent to the clove charac-
terization for both lots and the operational data of the kinetic
experiments.
3.1. Temperature profiles
A uniform temperature in all positions in the bed, including the
axis, is reached in a few minutes in small extractors, e.g., less than
0.1 L. Nevertheless, the time for the bed axis to reach thermal equi-
librium with the wall tends to increase with the extractor size. In
some cases, non-isothermal profiles in the extraction bed might
interfere in the mass transfer process. Different temperatures in the
bed can influence the kinetics and, consequently, the selectivity of
obtaining bioactive compounds over time.
The temperature profiles differed in extraction beds E-1 and E-
2. In E-2, the clove heating was slow at all temperatures tested.
This behavior was expected because there is a large radial path
for the heat to reach the proportionally defined positions in this
large-diameter bed (Fig. 2). In all runs, the temperature at the axis
was initially lower than the temperatures at the other positions at
the same time. This difference diminished during the course of the
process.
The influence of the radial positions was greater, but the influ-
ences of the axial and angular positions cannot be neglected
because of the non-uniform heat transfer rate at the extractor
surfaces. Pronounced heat transfer rates were observed in E-1,
primarily during the initial period when there were large tem-
perature gradients, as shown in Fig. 3. The temperature profiles
were obtained with the band heater at 40 ◦C. The differences among
the axial positions (bottom – P/H = 0.1; center – P/H = 0.5; top –
P/H = 0.9) were related to the non-uniform heating of the band
heaters. With the clove initially below 0 ◦C, the radial center point
for all axial points reached 40 ◦C within 60 min in E-1.
However, Fig. 4 shows that it took longer (almost 90 min) for
the radial center point to reach the process temperature (40 ◦C) in
E-2 than in E-1 (data not shown in Fig. 4). The temperature profiles
were obtained with the band heater at 50 ◦C.
The non-uniformity of the band heaters and the different tem-
perature profiles in the extraction beds enabled a systematic study
to identify which process variables were important and which
values impose on these variables. The goal was to attain the tem-
perature of the extract + CO2 system close to 40 ◦C at the extractor
outlets.
Table 2 shows the responses of the experimental design. The
mean temperature (Tm) at the extractor outlets was analyzed by
analysis of variance (ANOVA) (differences were considered sig-
nificant for p-value ≤ 0.10). Eq. (8), when applied to E-1 (coded
values), presented only two significant factors: the solvent flow
(Q; p-value = 0.055) and the band heater temperature (Th; p-
value = 0.069).
Tm = 41.7 + 3.1 · Q + 2.8 · Th (8)
Fig. 3. Temperature profiles at different positions in E-1 with the band heater at
40 ◦C; ( ) center; (©) front; () right; () left; and (×) back.
Fig. 4. Temperature profiles at different positions in E-2 with the band heater at
50 ◦C; ( ) center; (©) front; () right; () left; and (×) back.
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Table 1
Clove characterization (± standard deviation) and operational data of the kinetic experiments.
Lot dp × 103 (m) U (g/100 g) r (g/cm3) Volatile oil (g/100 g)a,b Total oil Soxhlet (g/100 g)b
1 0.78 ± 0.01 11.3 ± 0.2 1.36 ± 0.01 20.0 ± 0.6 21.0 ± 0.7
2 0.76 ± 0.01 8.8 ± 0.4 1.35 ± 0.01 21.9 ± 0.1 22.1 ± 0.4
Experimental data
Stage 1 Stage 2
Extractor E-1 E-2 E-1 E-2 E-3c
Clove (kg) 0.57 0.57 0.60 0.60 0.06
a (kg/m3) 0.57 ± 0.01 0.60 ± 0.01 0.60 ± 0.01
ε (−) 0.58 ± 0.01 0.56 ± 0.01 0.56 ± 0.01
QCO2 × 104 (kg/min) 4.2–13.3 7.0–19.0 1.9
S/F (−) 1.5–4.9 2.6–6.6 6.6
u × 103 (m/min) 3.6–11.6 1.9–9.5 3.0
U, moisture; dp, mean diameter particle; r, true density of the particles; a, apparent density of the bed; stage 1, equal interstitial velocities of CO2 in E-1 and E-2; stage 2,
equal S/F and extraction time in E-1, E-2 and E-3.
a Volatile oil obtained by centrifugation.
b Calculation of the yield based on the raw material being completely dry (free of water).
c Extractor vessel of Spe-ed equipment.
Table 2
Experimental matrix with responses to the temperature at the extractor vessel
outlet.
Run Tb (◦C) Th (◦C) ts (min) QCO2 × 103 (kg/min) Tout (◦C) Tm (◦C)
E-1
1 45 (−1) 45 (−1) 30 (+1) 25 (+1) 37 42.4
2 45 (−1) 55 (+1) 30 (+1) 5 (−1) 38 41.1
3 50 (0) 50 (0) 25 (0) 15 (0) 40 43.3
4 55 (+1) 55 (+1) 30 (+1) 25 (+1) 44 48.6
5 50 (0) 50 (0) 25 (0) 15 (0) 40 44.7
6 45 (−1) 55 (+1) 20 (−1) 25 (+1) 45 50.9
7 55 (+1) 45 (−1) 30 (+1) 5 (−1) 38 38.9
8 55 (+1) 55 (+1) 20 (−1) 5 (−1) 40 41.4
9 50 (0) 50 (0) 25 (0) 15 (0) 38 40.4
10 55 (+1) 45 (−1) 20 (−1) 25 (+1) 38 41.6
11 45 (−1) 45 (−1) 20 (−1) 5 (−1) 35 36.9
E-2
1 45 (−1) 45 (−1) 30 (+1) 25 (+1) 31 37.1
2 45 (−1) 55 (+1) 30 (+1) 5 (−1) 32 36.0
3 55 (+1) 55 (+1) 20 (−1) 5 (−1) 32 36.7
4 55 (+1) 55 (+1) 30 (+1) 25 (+1) 35 42.4
5 55 (+1) 45 (−1) 30 (+1) 5 (−1) 28 32.6
6 50 (0) 50 (0) 25 (0) 15 (0) 31 38.0
7 45 (−1) 45 (−1) 20 (−1) 5 (−1) 28 34.0
8 55 (+1) 45 (−1) 20 (−1) 25 (+1) 30 36.6
9 45 (−1) 55 (+1) 20 (−1) 25 (+1) 32 40.6
10 50 (0) 50 (0) 25 (0) 15 (0) 30 38.4
11 50 (0) 50 (0) 25 (0) 15 (0) 31 38.4
Tb, bath temperature; Th, band heater temperature; ts, static process time; QCO2 ,
CO2 mass flow; Tout, temperature at the extractor vessel outlet immediately after
the static process time; Tm, mean temperature at the extractor vessel outlet.
The data analysis obtained in E-2 indicated the following factors
were significant: the band heater temperature (Th; p-value = 0.002),
the solvent flow (Q; p-value = 0.002), the heating bath tempera-
ture × the band heater temperature (Tb × Th; p-value = 0.023) and
the heating bath temperature × the static process time (Tb × ts; p-
value = 0.046). The difference in utilizing the complete equation
versus the simplified equation with only the main effects, with
respect to the response Tm, was less than the uncertainty in the
temperature measurement by the thermocouples. Hence, the sim-
plified coded Eq. (9) was used.
Tm = 37.0 + 2.2 · Q + 1.9 · Th (9)
According to Eqs. (8) and (9), it was necessary to set the
coded values of Tb, Th and ts to keep Tm near 40 ◦C when
the CO2 mass flows were 7 × 10−3 kg/min, 13 × 10−3 kg/min and
19 × 10−3 kg/min. When the influence of Tb and ts was insignif-
icant, these variables were set at their minimum levels to avoid
expenditures of energy and time. Thus, Tb was set at 45 ◦C, and ts
was set at 20 min.
When the CO2 mass flow was 19 × 10−3 kg/min (coded level
of +0.4), we calculated a Th of 45 ◦C (−1) for E-1 (Eq. (8)) and
54 ◦C (+0.8) for E-2 (Eq. (9)) to maintain Tm ≈ 40 ◦C. The experi-
mental values obtained for the two cases were Tm,1 = 41 ± 1 ◦C and
Tm,2 = 42 ± 2 ◦C.
3.2. Kinetic of extraction – interstitial velocity of CO2
Fig. 5 shows the OEC obtained in stage 1, i.e., when the intersti-
tial velocity of CO2 was equal in both extraction beds. The yields
were calculated based on the global yield (X0), which consists of
the maximum amount of solute that is extractable from a botanic
matrix. X0 is an intensive property depending only on the tem-
perature, the pressure and the raw material characteristics. This
property is useful in scale up studies. Hence, when the yield is 90%,
9 portions were extracted from 10 extractable portions of solute.
X0 can be obtained from an exhaustive extraction (high S/F
ratios) or predicted from kinetic curves with well-defined diffus-
ional periods. The solvent spent to determine the experimental X0
would be expensive because the mass of clove used in the extrac-
tion process was 0.6 kg. Thus, this parameter was predicted in long
extraction times (equivalent to 420 min) using the kinetic experi-
mental data. In this calculation, X0 was 22.6 g extract/100 g clove.
The maximum yield obtained was 91.9% or 20.8 g extract/100 g
clove.
Fig. 5 shows that the interstitial velocity of solvent (u) influ-
enced the mass transfer rate. The increment in u decreased tCER
and increased MCER, as expected. Maintaining an equal u in both
beds is not a suitable criterion for obtaining similar kinetic profiles.
The OEC differed between beds E-1 and E-2; tCER was low in E-2 for
all interstitial velocities studied.
The experimental data confirmed the inferences made by Zabot
et al. [20]. For the same corresponding value of u, the solvent mass
used in E-1 was lower than that used in E-2 at a given process time.
The solvent mass used in E-1 might be insufficient to extract the
solute that is readily available during the CER period. Therefore,
the CER period is larger, and the slope of the OEC decreases. When
u is low enough, the solute removal from the botanic matrix dimin-
ishes because the convective mass transfer rate is reduced due the
reduction in the motion forces.
The experimental responses presented in this paper corrobo-
rated the responses found by Martínez et al. [24]. The process scale
up keeping u (Eq. (4)) equal between the extraction cells was not
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Fig. 5. Comparison of the kinetic curves of clove extract (lot 1) for stage 1 – equal
interstitial velocities of CO2 in both extraction beds: () E-1; (♦) E-2; and (—) data
adjusted using SAS 9.2® .
appropriate because MCER and RCER were low for the runs with low
solvent flow.
Table 3 provides information about the CER period. The adjust-
ment of kinetic parameters in this period is common because
MCER is constant and process productivity is great, which gener-
ally influences the cost of manufacturing (COM) the extract. The
largest amount of extract is obtained per unit time during the
CER period. In this period, the solute is easily accessible and sol-
ubilized in the solvent. Thus, the parameters tCER and MCER were
quite different when the beds used the same u. For interstitial
velocity C (11.6 × 10−3 m/min), the tCER values were 82 ± 13 min
and 27 ± 1 min, and the MCER values were 1.1 ± 0.2 g/min and
3.26 ± 0.01 g/min for E-1 and E-2, respectively.
3.3. Kinetic of extraction – S/F ratio
In this section, the yields are presented relative to X0, which
was predicted from the kinetic extraction data (as in Section 3.2).
Therefore, the estimated X0 was 22.1 g extract/100 g clove.
In many cases, a commercial SFE process is considered to be
complete when 90% of the solute has been recovered. Beyond that
limit, increased operational costs are not compensated by further
increments in the amount of product obtained [25]. In this paper,
yields of clove oil in the range of 81–93% (w/w) were obtained for
210 min of extraction. These yields represent 17.9–20.6 g of extract
per 100 g of dry clove (dry basis). The accumulated content of the
extract is greater than that obtained by Prado et al. [16] and similar
to that obtained by Guan et al. [23].
Fig. 6 displays the OEC for the three S/F levels (relative to
the CO2 mass flow). Statistical analyses were performed to com-
pare the parameters tCER, RCER and MCER between the beds. These
Fig. 6. Comparison of the kinetic curves of clove extract (lot 2) for stage 2 – equal S/F
and extraction times in both extraction beds: () E-1; (♦) E-2; and (—) data adjusted
using SAS 9.2® .
parameters were selected because they describe the CER period
and the moment during the process at which the diffusional
contribution starts to be important compared to the convective
contribution.
There was not sufficient evidence to reject the null hypothe-
sis (p-value = 0.228). Thus, there was no evidence of any difference
between the average tCER for both beds. At the same S/F ratio over
210 min of extraction, the value of tCER was equal for the bed geome-
tries.
Nonetheless, this finding is not the same for RCER and MCER. There
was evidence to reject the null hypothesis (p-value = 0.014). The
differences between the averages of RCER and MCER for both beds
are more pronounced at S/F I (low flow = 7 × 10−3 kg/min), most
likely due to the strong influence of the axial dispersion of the fluid
between the beds. In E-1, there were low values of RCER and MCER
for S/F I, as expressed in Table 4.
The explanation for these results is linked to the phenomena
occurring during the extraction process. According to Brunner [11],
the axial dispersion of fluid flow inside supercritical extractors
occurs for several reasons, including an unsteady or non-stable
dynamic flow and the non-uniform distribution of the solvent vis-
cosity due to concentration and temperature gradients.
The intensity of the axial dispersion of a fluid tends to increase
with the extractor height and the interstitial solvent velocity (u).
Conversely, as shown by Tan and Liou [26], the difference in the
axial dispersion between beds of different geometries tends to
decrease when u is raised. The OEC obtained in this study agree
this statement. At S/F I, the influence of the axial dispersion in E-1
is larger than that in E-2 (where the values of u are lower than in
E-1). Increasing u with the OEC obtained for S/F III results in high
axial dispersion values that are similar for the two bed geometries.
The influence of the axial dispersion in beds with different HB/DB
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Table 3
Experimental and estimated (using SAS 9.2®) data for stage 1 – equal interstitial velocities of CO2 in E-1 and E-2.
Run Extract CER (g) tCER (min) RCER (%) MCER × 104 (kg/min) MCO2 CER (g) YCER (g ext/g CO2)
E1-A 82 ± 4 148 ± 23 71 ± 3 5.6 ± 0.6 748 ± 96 0.11 ± 0.01
E2-A 80 ± 1 70 ± 6 70 ± 1 11.5 ± 1.0 411 ± 37 0.20 ± 0.02
E1-B 89 ± 2 72 ± 12 77 ± 2 12.4 ± 1.8 588 ± 50 0.15 ± 0.01
E2-B 81 ± 3 34 ± 3 71 ± 3 24.0 ± 1.5 465 ± 44 0.17 ± 0.01
E1-C 86 ± 1 82 ± 13 75 ± 1 10.6 ± 1.8 1009 ± 98 0.09 ± 0.01
E2-C 87 ± 4 27 ± 1 76 ± 2 32.6 ± 0.1 522 ± 43 0.17 ± 0.01
±, Represents the standard deviation; tCER, period of constant extraction rate – CER; RCER, extraction yield at CER; MCO2 , mass of CO2; MCER, mass transfer rate at CER; YCER,
mass ratio of solute in the fluid phase at the extractor vessel outlet at CER; ext, extract.
Table 4
Experimental and estimated (using SAS 9.2®) data for stage 2 – equal S/F and extraction times in E-1, E-2 and E-3.
Run S/F QCO2 (g/min) Extract CER (g) tCER (min) RCER (%) MCER × 104 (kg/min) MCO2 CER (g) YCER (g ext/g CO2)
E1-I 2.6 7.1 ± 0.1 84 ± 5 90 ± 1 69 ± 5 9.3 ± 0.6 637 ± 9 0.13 ± 0.01
E2-I 2.6 6.9 ± 0.3 98 ± 1 88 ± 1 81 ± 1 11.2 ± 0.2 601 ± 34 0.16 ± 0.01
E1-II 4.6 12.9 ± 0.1 95 ± 2 62 ± 4 78 ± 2 15 ± 1 725 ± 38 0.13 ± 0.01
E2-II 4.6 13.1 ± 0.1 101 ± 4 58 ± 6 84 ± 3 18 ± 1 704 ± 83 0.14 ± 0.01
E1-III 6.6 19.1 ± 0.1 95 ± 3 45 ± 1 78 ± 2 21.0 ± 0.8 766 ± 12 0.12 ± 0.01
E2-III 6.6 18.9 ± 0.1 101 ± 2 45 ± 2 83 ± 1 22.5 ± 1.3 758 ± 23 0.13 ± 0.01
Spe-ed 6.6 1.9 ± 0.1 9.8 ± 0.3 45 ± 1 82 ± 4 2.2 ± 0.1 77 ± 1 0.13 ± 0.01
±, Represents the standard deviation; QCO2 , CO2 mass flow; tCER, period of constant extraction rate – CER; RCER, extraction yield at CER; MCO2 , mass of CO2; MCER, mass transfer
rate at CER; YCER, mass ratio of solute in the fluid phase at the extractor vessel outlet at CER; ext, extract.
Fig. 7. Effect of the solvent flow pattern on the solute depletion in the extraction
beds.
ratios thus tends to be equal with high values of u. In such case,
there was no significant differences (differences were considered
significant for p-value ≤ 0.05) for tCER, RCER, MCER and YCER between
the extraction beds for the OEC for S/F II and S/F III (Fig. 6) and the
kinetic parameters for E1-III, E2-III, E1-II and E2-II (Table 4).
The axial dispersion can be avoided by maintaining the motion
forces of mass transfer at their maximum. Thus, the axial dispersion
could be neglected. In reality, axial dispersion is always present in
SFE processes with porous beds. There is, at least, dispersion by
molecular diffusion on a small scale as well as fluid back-mixing
due to the flow among particles [9].
Therefore, plug flow is an idealization in pressurized packed
beds that is very hard to attain. Plug flow means that all fluid ele-
ments spend the same amount of time inside the extraction bed.
Non-ideal flow patterns occur due to the presence of preferential
pathways, axial dispersion and dead spaces inside the bed. The
deviation from plug flow negatively influences the concentration
profile of the fluid phase along the extractor, resulting in a decrease
in the motion forces that govern the mass transfer rate and causing
a drop in the overall extraction efficiency [27].
Fig. 7 shows the effect of the flow pattern in the clove oil extrac-
tion. The time-dependent extract-to-extractable ratio (E(t); g/g)
was obtained from Eq. (10) where c(t) is the solute time-dependent
concentration in the fluid phase. The dimensionless time () was
defined as the ratio between the extraction time (t) and the solvent
residence time (tr) in the bed ( = t/tr).




In all flow patterns in E-2, E(t) ≈ 0.85 g extract/g extractable
was reached in  = 2. However,  ≥ 3 was verified for E-1 to reach
E(t) ≈ 0.85 g extract/g extractable. The amount of solute that was
solubilized in CO2 differed in E-1 and E-2, accounting for the sol-
vent that percolated through the beds (in  = 1, for instance). This
trend was more significant when S/F I was used.
Hence, non-homogeneous flow might have been large in E-1.
Then, the beds were sliced in equal axial proportions between the
extractors to accurately assess the bed characteristics after extract-
ing the clove oil with supercritical CO2. Fig. 8 displays the images of
each slice. The content of residual extract after the extraction was
almost null in E-2. The solvent distribution in this bed allowed the
uniform extraction of solute, and there was no excessive material
compaction.
However, differences in color (i.e., in composition) were
observed in the slices of E-1. There was heterogeneous flow due to
channeling of the CO2 flow, and residual extract remained mainly at
the axes of slices 2, 3 and 4. Bed depletion commonly occurs in the
direction of flow. In this case, the bed depletion was non-uniform
and distinct from the expected behavior. The small particles used
in E-1 might have been compacted above the ideal level dur-
ing the pressurization process. This initial compaction decreased
the porosity and delayed the CO2 permeation in these compacted
locals. The compaction was not observed in E-2 due to the large bed
diameter (low HB/DB ratio).
The local degree of extraction also depends on the radial coor-
dinate of extractor. Especially at interstitial velocities lower than
1 × 10−3 m/s, the local velocity and the mass transfer are high near
the extractor wall. Therefore, the residual concentration of extract
is high close to the axis of the bed. The difference in concentration
is great, regardless of whether the system is non-isothermal [11].
In the bed packed with spheres tested by Schertz and Bischoff [28],
the local velocity was approximately 12 times greater for r/R = 0.95
than that for r/R = 0, where r and R were the radius vector and the
column radius, respectively.
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Fig. 8. Image of the beds separated in slices after the SFE process.
The form, size and distribution of the particles inside the extrac-
tor influence the fluid dynamics because they are associated with
the HB/DB ratio of the extraction beds. As Laurent et al. [29] reported
for the decaffeination of coffee beans with a particle size of approx-
imately 7 mm, large HB/DB ratios should be used, approximately 9.
However, for smaller particles in the range of 0.4–0.8 mm that tend
to swell, the HB/DB ratio should be only 3. Using this information in
our study where dp is 0.76 mm and U is approximately 8.3% (w/w),
we conclude that the yield in E-1 (HB/DB = 7.1) was influenced by
strong compaction and CO2 channeling, as cited by Laurent et al.
[29]. These phenomena were most likely small in E-2 (HB/DB = 2.7).
Prado et al. [16] also presented differences in the kinetics of clove
oil in two bed geometries using the same scale up criterion (equal
S/F and extraction time in both beds). For the bed with a larger inter-
nal diameter (10.2 cm), the yield was approximately 20% greater
than that for the bed with a smaller internal diameter (5.4 cm).
3.4. SFE-2 × 1L validation
Fig. 9 shows that the OEC obtained with Spe-ed equipment (E-
3 = 0.1 L) overlapped the OEC obtained with SFE-2 × 1L equipment,
considering the standard deviation. In fact, the kinetic parameters
were equal for both beds, as shown in Table 4. Thus, these results
validated the SFE-2 × 1L. The parameter MCER was also equal for the
two extraction beds. Because the mass of clove and the CO2 mass
flow were 10 times lower in Spe-ed, the mass transfer rate was also
10 times lower (MCER = 0.22 ± 0.01 g/min).
3.5. Chemical composition of the extracts
The composition was determined for the clove extracts obtained
during the extraction kinetics in E-1 and E-2. There was some
variation in the extract composition, as presented in Fig. 10.
Eugenol, the major compound in the extract, was in the range
of 56.9–65.5 g/100 g of extract in E-1 and 54.6–69.6 g/100 g of
extract in E-2. A large percentage of this compound tends to be
extracted in the final step of the extraction, while the other com-
pounds are extracted primarily at the beginning. Eugenyl acetate,
-caryophyllene and -humulene are extracted in low percent-
ages at 210 min, mainly in E-2. The percentage of -humulene,
for instance, is reduced by 75% in E-2, varying from 1.6 g/100 g of
extract at 2.5 min to 0.4 g/100 g of extract at 210 min.
According to Table 5, the relative percentage of eugenol in the
accumulated extracts was 57.3% for E-1 and 62.3% for E-2. Guan
et al. [23] reported that the temperature proportionally influences
the eugenol content during the extraction. The selective extrac-
tion of eugenol, compared with other compounds is improved
by increasing the process temperature. In this research, the clove
oil extraction was non-isothermal. Although there was no sig-
nificant difference in the temperatures at the outlet extractors
(E-1 = 41 ± 1 ◦C; E-2 = 42 ± 2 ◦C; p-value = 0.208), the extraction in
E-2 was performed at a temperature that was 1 ◦C higher than the
extraction in E-1, which might have helped the profile shown in
Fig. 10. As reported by Souza et al. [30] for the phase equilibrium
of the clove oil + CO2 system, when the temperature is low, par-
ticularly between 30 and 35 ◦C, two liquid phases are formed in
the range of 0.77–0.99 CO2 molar fraction, and this behavior surely
influences the extract composition.
Rodrigues et al. [5] also showed that eugenol is concentrated
during the extraction kinetics, because the other components
present in clove oil are extracted mainly at the beginning of the pro-
cess. This behavior is a function of the solubility of the components
in supercritical CO2. As presented by Sovová [31], the solubility of
-humulene in CO2 is higher than the solubility of the total extract
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Fig. 9. Comparison of the kinetic curves of clove extract (lot 2) obtained at equal S/F and extraction times in both extraction beds: () E-1; (♦) E-2; and (©) E-3.
Fig. 10. Chemical composition profile of clove extracts obtained during the extraction kinetics using S/F = 6.6: () E-1; and (©) E-2.
from clove buds. Considering that eugenol is the largest component
in the extract, it means that the solubility of -humulene in CO2
is higher than that of eugenol. Thus, this fact promotes a behav-
ior like the kinetic results in composition obtained in this paper
(Fig. 10).
However, the difference in composition between the extractors
is also dependent of the different extent of axial mixing that leads
to a slower extraction in E-1 than in E-2. It is important to take into
account the influence of the process variables on the solubility of
the components. Rodrigues et al. [5] presented the influence of the
solvent flow rate on the mass ratio of extract to CO2 at the extractor
vessel outlet, where the axial dispersion was not negligible and the
solubility was not only a strong function of the raw material origin.
It indicates that the extract composition is as well dependent of the
bed geometry characteristics. Therefore, the fluid dynamics during
the extraction in both beds of this work affected the amount of
target compounds collected for the same extraction time. In this
case, the percentage of more soluble compounds in the E-1 extract
was higher.
For the extracts obtained using a conventional method
(Soxhlet), the percentage of volatile compounds was low in
comparison with the SFE method. Non-volatile and undesirable
compounds might be extracted. This tends to increase the purifica-
tion costs beyond the presence of oxidant compounds, which can
oxidize the volatile oil, thus justifying the advantages of the use of
supercritical technology to obtain specific bioactive compounds.
Table 5
Chemical composition of clove extracts obtained in different experimental runs.
Run Compound (g/100 g extract)
Eugenol (24.8 min)a Eugenyl acetate (32.1 min)a -Caryophyllene (27.6 min)a -Humulene (29.0 min)a
E1-IIIb 57.3 20.0 12.1 1.4
E2-IIIb 62.3 19.6 10.5 1.2
Soxhlet – lot 1 60.4 7.7 7.5 0.9
Soxhlet – lot 2 55.2 11.8 7.6 0.9
a Retention time.
b Represents the total accumulated extract during the extraction.
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4. Conclusions
This systematic evaluation of the influence of the bed extraction
geometry on the OEC and clove oil composition permitted us to
gather some information, which is unusual in the literature. Thus,
the following conclusions were obtained in this paper:
i) maintaining equal interstitial solvent velocity in different bed
geometries is not a suitable criterion for scale up;
ii) maintaining an equal S/F ratio and an equal extraction time in
different bed geometries is a suitable criterion for scale up;
iii) particles that are too small tend to compact in beds with high
HB/DB ratios, thus reducing the mass transfer;
iv) the bed E-2 (HB/DB = 2.7) provided slightly higher yields than
E-1 (HB/DB = 7.1) with the same values for the process variables,
including the temperature, pressure, porosity, S/F and extraction
time;
v) the influence of the axial dispersion of the solvent + solute was
higher in E-1 than in E-2. The non-uniform flow formed pref-
erential pathways, which were observed with more intensity in
E-1;
vi) the difference in the magnitude of the axial dispersion between
the beds was diminished when the solvent mass flow was
increased;
vii) the local temperatures in each bed tended to differ due to dif-
ferences in the geometries and the fluid flow patterns. And, as
explained before, the temperature can interfere in the selectivity
of specific compounds and in the viscosity of the system;
viii) selecting either E-2 or E-1 also depends on studies about the
economic feasibility of the process because low HB/DB ratios
influence in the construction costs of the extractors;
ix) selecting either E-2 or E-1 likewise depends on evaluating the
extraction of target compounds. In this research, 17% more -
humulene and 9% more eugenol were extracted in E-1 and E-2,
respectively.
x) studies with other raw materials and other mean diameter par-
ticles should be performed to determine a proper relationship
between dp and ε for each extraction bed. The goal is to reduce or
avoid dead spaces, bypassing, back-mixing, viscosity gradients
and non-uniform porosity distributions.
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Fast analysis of phenolic terpenes by high-
performance liquid chromatography using a fused-
core column†
Giovani L. Zabot, Moyses N. Moraes, Mauŕıcio A. Rostagno* and M. Angela A. Meireles
A fused-core column was used to develop a fast and efficient analytical method for separating phenolic
terpenes by high-performance liquid chromatography. The main chromatographic parameters, such as
the composition of the mobile phase (mixtures of water and acetonitrile), the flow rate of the mobile
phase (1.0–2.5 mL min1), the column temperature (30–55 C) and re-equilibration time after each
injection (1–5 min) were studied and optimized during the development of the method. Using the
current method, the major nonvolatile compounds from rosemary [rosmarinic acid (RA), rosmanol (RO),
carnosol (CN), carnosic acid (CA) and methyl carnosate (MC)] could be separated in 4.7 min. The total
time of analysis was 10 min, including the column cleanup and the re-equilibration period. The effect of
the sample solvent was also studied. The combined influence of the injection volume and sample
dilution on the performance of the chromatographic method was evaluated. The method was validated
with several commercial samples, enabling the detection of low amounts (0.25 mg mL1) of CA and RA.
The chromatographic profile showed excellent repeatability (intraday) and reproducibility (interday).
Furthermore, the peak separation was good when using ethanol for sample dilution with respect to
resolution (2.1, 3.7, 6.4, 10.6 and 21.7 for RO, MC, RA, CA and CN, respectively), selectivity (1.0 for MC; 1.1
for RO and CA; 1.3 for CN; and 1.5 for RA) and peak symmetry (1.0 for RA, CN and MC; 1.1 for CA; and
1.2 for RO).
1. Introduction
Phenolic terpenes are potentially useful in the pharmaceutical
area for preventing diseases and are applied in the food and
chemical industries as antioxidants. The rosemary extract is
composed of two fractions. One of the fractions is volatile oil
composed mainly of terpenoids, while the other fraction
consists of phenolic compounds, mainly phenolic diterpenes,
carnosic acid, rosmarinic acid, carnosol and rosmanol (Fig. 1).
The compounds presented in Fig. 1 are found mostly in rose-
mary and sage leaves (Fig. 2). The high antioxidant activity of
carnosic acid (CA), for example, is leading researchers to study
the potential of this bioactive compound as a natural antioxi-
dant and as an agent against lipid oxidation in lamb meat,1–3
chicken frankfurters,4 buffalo meat patties and chicken patties.5
Recent studies show that CA inhibits the oxidative damage in
proteins caused by free radicals6 and attenuates renal and liver
injuries due to its antiapoptotic properties.7,8
Rosmarinic acid (RA) delays the motor dysfunction caused
by progressive neurodegenerative diseases,9 and rosmanol
induces cellular apoptosis in human colon adenocarcinoma
cells.10
Fig. 1 Chemical structures of carnosic acid, rosmarinic acid, carnosol
and rosmanol.
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Considering the wide range of applications of these bioactive
substances, several methods for the separation and quantita-
tion of nonvolatile rosemary compounds can be found in the
scientic literature.11–14 The main analytical methods use high-
performance liquid chromatography (HPLC) with reverse phase
columns packed with conventional totally porous particles (>5
mm). In this context, using columns with stationary phases
containing small particles (<3 mm) can improve the perfor-
mance of the column for separating the compounds and can
reduce the time of analysis. However, using small particles
implies a pressure increase, requiring systems capable of sup-
porting high pressures (>400 bar).
The constant need for upgrading the performance of
stationary phases for liquid chromatography is promoting the
development of technology in this area. One of the technologies
showing great efficacy is related to the use of partially porous
particles. Distinct from the totally porous particles used in
conventional columns for liquid chromatography, the partially
porous particles (also known as fused-core, core–shell or
porous-shell) are made from silica of a high purity containing a
solid core covered with a porous thin layer.
The stationary phases cited show lower eddy diffusion
and more resistance to the mass transfer when compared to
the stationary phases with smaller totally porous particles.
Fused-core columns demonstrate higher performance due to
the better distribution of particle size and the higher
particle density. These aspects favor the production of effi-
ciently packed beds. Due to these characteristics, fused-core
columns exhibit higher efficiencies than columns packed
with totally porous particles (comparison done at the same
particle size).
This technology of stationary phases has already been used
successfully for developing fast analytical methods (analysis
times under 10 min) and for applying these methods to identify
and quantify many compounds from several vegetal matrices,
such as isoavones from soybeans,15,16 phenolic compounds
and alkaloids from tea, coffee, mate, energy and so drinks,17,18
polyphenols from grape bagasse,19 and b-ecdysone from Bra-
zilian ginseng (Pfaffia glomerata),20 among others.
Despite the rather high importance of rosemary compounds
and the advantages offered by these stationary phases (fused-
core columns), no study of this application has been reported.
Thus, the objective of this study is based on developing and
validating a robust method for the fast analysis of nonvolatile
compounds from rosemary (or other plants comprising the
Lamiaceae botanical family) by high-performance liquid chro-
matography coupled to a photodiode array detector (HPLC-PDA)
using a fused-core column.
2. Experimental
2.1. Chemicals and reagents
Reagents of HPLC grade used in this research were: acetic acid
(Merck, Darmstadt, Germany), acetonitrile (Scharlab, Barce-
lona, Spain), methanol (Sigma Aldrich, São Paulo, Brazil) and
ethanol (Chemco, Hortolândia, Brazil). Ultra-pure water was
supplied by a Milli-Q Advantage water purier system (Milli-
pore, Bedford, USA). The reference standards used were car-
nosic acid (C20H28O4 – CAS 3650-09-7 – Sigma Aldrich, St. Louis,
USA) and rosmarinic acid (C18H16O8 – CAS 20283-92-5 – Sigma
Aldrich, St. Louis, USA).
2.2. Samples
Dried rosemary leaves were acquired from the Municipal
Market of Campinas, Brazil. The leaves were comminuted in a
knife mill (Marconi, MA-340, Piracicaba, Brazil) and stored in
plastic bags at 18 C (HC-4, Metalfrio, São Paulo, Brazil) until
production of the extract. The extracts from this raw material
(process description in Section 2.2.1) were used for the devel-
opment of the analytical method.
Five commercial samples of spices were analyzed for vali-
dation using the developed method. The samples consisted of
(1) sage (Salvia officinalis) leaves, (2) rosemary (Rosmarinus offi-
cinalis) leaves, (3) a mixture of herbs (sage, oregano, thyme and
rosemary), (4) a mixture for chimichurri sauce (onion, garlic,
rosemary, sage and red pepper) and (5) oregano (Origanum
vulgare) leaves.
2.2.1. Rosemary extracts. The rosemary extracts used to
develop the analytical method were obtained using supercritical
technology.
The extraction with supercritical CO2 (SFE-CO2) was per-
formed in duplicate at 40 C and 30 MPa in a homemade
multipurpose unit.21 The extractors of 1 L each were lled with
475 g of comminuted rosemary, and the CO2 (99% purity, Air
Liquide, Campinas, Brazil) ow rate wasmaintained constant at
17.3 g min1 for 6 h. The extract mass was determined using an
analytical scale (Radwag, AS 200/C/2, Radom, Poland).
Another rosemary extract was obtained by low pressure
solvent extraction (LPSE) in a Soxhlet apparatus using ethanol
as the solvent. Milled rosemary leaves (10 g) were wrapped in
lter paper and placed in a Soxhlet apparatus connected to a
solvent ask with 0.3 L of ethanol. The system was reuxed for 6
h; then, the solvent was removed from the extracted mixture
Fig. 2 Rosemary (left) and sage (right) leaves.
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using a rotary vacuum evaporator at 40 C. The assays were
performed in triplicate.
2.2.2. Extracts from commercial samples. The extracts were
obtained by ultrasound-assisted solvent extraction in an ultra-
sonic bath (Unique, Indaiatuba Brazil) using ethanol as the
solvent. The extraction conditions were: 50 C, ambient pres-
sure (z1 bar), ultrasound frequency of 40 kHz, and time of
extraction equal to 6 h. The solvent mass to feed mass ratio (S/F)
was equal to 20 g of CO2 per g of raw material. The ethanolic
extracts were ltered, and the solvent was removed from the
extracted mixture using a rotary vacuum evaporator at 40 C.
The assays were performed in duplicate.
2.3. High-performance liquid chromatography (HPLC)
The chromatographic analyses were carried out using the
HPLC-PDA (Waters, Alliance E2695, Milford, USA) system,
consisting of a separation module (2695) with an integrated
column heater and an autosampler and a photodiode array
(PDA) detector. Separation of compounds was carried out on
a fused-core type column (Kinetex, C18, 100 mm  4.6 mm 
2.6 mm; Phenomenex, Torrance, USA). UV absorbance was
monitored from 200 to 400 nm. The initial injection volume,
the sample dilution and the solvents of the mobile phase are
presented in Table 1. Acetonitrile was selected as the solvent
of mobile phase B because of its lower viscosity and lower
backpressure generated compared to methanol.20 Identica-
tion of CA and RA was achieved by comparing the retention
times and UV spectra of the separated compounds with the
authentic standards. Quantication was carried out by inte-
grating the peak areas at 284 nm (CA) and 328 nm (RA)
using the external standardization method. The standard
curves of CA and RA were prepared by plotting each concen-
tration (0.1, 0.25, 0.5, 1, 10, 50, 100, 125 and 380 mg L1)
against the area of each relative peak. The assays were per-
formed in duplicate.
2.4. Ultra-performance liquid chromatography coupled with
mass spectrometry (UPLC-MS)
Rosmanol, carnosol and methyl carnosate were identied on a
UPLC-MS (Waters, Milford, USA) system with a single quadru-
pole mass detector. A column composed of totally porous
particles (Acquity, UPLC BEH C18, 1.7 mm  2.1 mm  50 mm;
Waters, Milford, USA) was used. Aiming to obtain the separa-
tion of the compounds, the mobile phase (eluents A and B) ow
rate was 0.8 mL min1, and the column temperature was 55 C.
The same gradient for peak separation applied in the HPLC-
PDA system was used in the UPLC-MS system, but proportion-
ally increasing the time of the gradient while decreasing the
mobile phase ow rate. The compounds separated by negative
ionization [MH] were evaluated by comparing the UV spectra
with the mass to charge ratio (m/z) obtained by using the
Selected Ion Monitoring (SIM) technique. The mass spectro-
metric data were also monitored through the Total Ion Chro-
matograms (TICs).
3. Results and discussion
Some procedures were performed for developing and validating
the analytical method. The method optimization integrated the
execution of several tests with the goal of establishing the
mobile phase (A and B) gradient, column temperature, mobile
phase ow rate and re-equilibration time. The determination of
the analytical properties comprised of injecting one sample 10
times during one day (intraday) and the same sample 10 times
on another day (interday). The sample dilution was performed
in three solvents: ethanol, methanol and acetonitrile. Each
solvent was used at three different volumetric concentrations
(70, 80 and 100%) in an aqueous mixture. The runs were per-
formed in triplicate. Looking at the results, the robustness of
the method was evaluated on combining ve injection volumes
(10, 20, 30, 40 and 50 mL) with ve dilutions in ethanol: 1, 2,
3, 4 and 5, using one stock solution of 5 mgmL1; the runs
were performed in triplicate. Aerwards, the standard curves
were prepared by plotting the concentrations mentioned above
against the areas of the peaks. Finally, the method validation
comprised the injection of ethanolic solutions of 5 mg mL1
obtained from ve commercial samples. The responses
obtained during the development and validation of the method
were linked to the separation and quality of the target peaks by
evaluating the parameters as follows: retention time, area, k
prime, selectivity, resolution, symmetry factor and width @
baseline.
3.1. Selecting the conditions
The experimentation performed in this section comprised the
selection of the conditions for chromatographic analysis. A
sequence of trials using linear gradients of mobile phase B
(acetonitrile with 0.1% (v/v) of acetic acid), requiring 20 min,
was carried out. Aer the initial results were obtained and
evaluated, another sequence of trials was performed to deter-
mine the method optimization. In this case, different non-
linear gradients of the mobile phase were evaluated. Moreover,
Table 1 Conditions used in the HPLC-PDA system for the rosemary
extract analyses







Return to initial conditions 7.0 85
Equilibration period 10 85
Phase A Ultra-pure water with 0.1% (v/v) of acetic
acid
Phase B Acetonitrile with 0.1% (v/v) of acetic acid
A + B ow rate 2.5 mL min1
Sample dilution 5 mg mL1
Injection volume 10 mL
Column temperature 55 C
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column temperature (30–55 C), mobile phase ow rate (1.0–2.5
mL min1) and re-equilibration period (1–5 min) were also
studied. The maximum column operating temperature is 60 C
because higher temperatures may signicantly reduce the
expected column life. The column temperature of 55 C was
selected as the maximum working temperature.
Increasing the column temperature resulted in a mean
reduction of the backpressure generated due to changes in the
resistance of the mobile phase ow rate. There was therefore an
increase in the mass transfer rates of the analytes between the
mobile and stationary phases. Increasing temperature pro-
portionated a mean reduction of the retention times of the
analytes. For example, the retention time of CA was reduced to
6.9% when the temperature was increased from 30 C to 55 C,
maintaining the same gradient of the mobile phase. Conse-
quently, increasing the column temperature produced a nar-
rowing of the peak widths, an increase in peak height and a
better resolution for the compound separation.
Themobile phase ow rate was increased step-by-step from 1
mL min1 to 2.5 mL min1. In this case, it was necessary to set
the time of the separation gradient proportionally inverse to the
increase of the mobile phase ow rate, aiming to accelerate the
separation. For example, if the ow rate was doubled, the
gradient time was reduced to half while maintaining the same
percentage of solvents in the mobile phase (considering that the
column maintained the same efficiency when the linear velocity
of the mobile phase was larger). Maintaining the column at
30 C, the maximum system pressure was 181 bar and the
retention time of CA was 11.29 min when using 1 mL min1.
Maintaining the column at 55 C, the maximum system pres-
sure was 118 bar and the retention time of CA was 10.51 min
when using 1 mL min1. The retention time of CA was only 4.27
min when using 2.5 mL min1 and 55 C. Consequently, the
conditions described in Table 1 were more suitable for this
method, even though the maximum pressure reached in the
system was 297 bar (below the pressure limitation of the system,
which is 350 bar).
Increasing the mobile phase ow rate also allowed a reduc-
tion in the period necessary for re-equilibrating the initial
conditions aer each run because themobile phase volume that
passed through the column was increased. Re-equilibration
time is necessary in gradient HPLC to ensure that the column
environment has returned to the initial stable conditions. These
conditions are particularly important when using gradient
elution because the difference between the initial and nal
organic composition of the mobile phase is signicant. Thus,
we veried that 3 min was sufficient to reach the equilibrium (in
pressure and gradient), which represented a solvent volume
equivalent to 17.4 times the volume of the column. Doubling
the mobile phase ow rate enabled the reduction of the time of
the analysis by approximately 50%. Therefore, a shorter time of
analysis (z7 min) was obtained using the conditions described
in Table 1. Such conditions provided better results relative to
resolution in the separation of compounds.
3.2. Characteristics of the method
Representative chromatograms of samples obtained using
characteristic extractive methods (Soxhlet and SFE-CO2) are
shown in Fig. 3 and Fig. 4. The major compounds were identi-
ed through the retention times, maximum absorption wave-
length and m/z ratio. Chromatograms in Fig. 3 and 4 were
obtained for the wavelength of 328 nm and 284 nm,
respectively.
The method that has been developed is efficient for sepa-
rating the major peaks of interest in this study. Many
compounds were extracted from rosemary by SFE-CO2, as seen
in Fig. 4, of which the more pronounced were: RO, CN and its
isomer, CA and MC. The peaks were separated in less than 7
min of analysis. The values of selectivity were 1.04, 1.08, 1.14
and 1.31 for MC, RO, CA and CN, respectively. The values of
Fig. 3 Representative chromatogram of a sample (diluted to 5 mg mL1) obtained by conventional extraction (Soxhlet) using ethanol.
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symmetry factor were approximately 1.0 for CN and MC, 1.1 for
CA and 1.2 for RO. The values of resolution were 2.1, 3.7, 10.6
and 21.7 for RO, MC, CA and CN, respectively.
RA, another phenolic diterpene found in rosemary and sage
leaves, was not detected in samples obtained by SFE-CO2.
Nevertheless, this compound was identied and quantied in
samples obtained with ethanol extraction in a Soxhlet appa-
ratus, as shown in the chromatogram exhibited in Fig. 3. The
explanation for this behavior is based on the hydrophobicity
(polarity) of this compound because RA is composed of four
–OH groups and one –COOH group (Fig. 1). Therefore, RA tends
to be extracted by using a solvent with polar characteristics,
instead of supercritical CO2, which is a solvent with nonpolar
characteristics. Because of this aspect, the retention time of RA
is short (z1.7 min), once RA tends to associate with the mobile
phase composed mostly of A (ultra-pure water), that is, at the
beginning of the analytical run.
3.3. Ultra-performance liquid chromatography coupled with
mass spectrometry
The identity of the compounds found in the extract used for
developing the method of fast analysis was initially proved
Fig. 4 Representative chromatogram of a sample (diluted to 5 mg mL1) obtained by SFE-CO2.
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based on the retention time and the absorption wavelength
obtained in the UV spectra for the compounds for which the
reference standards (RA and CA) were available, and also based
on information found in the scientic literature. The identity of
the compounds was conrmed by UPLC-MS. As previously
mentioned, the main compounds identied in samples
obtained by SFE-CO2 were rosmanol, carnosol, CA and methyl
carnosate. The relative intensities of the peaks were monitored
by the scanning of them/z ratio. The compounds cited and their
spectra are displayed in Fig. 5 and 6.
Rosmanol, presenting a molar mass of 346.4 g mol1, was
identied in m/z 345.41. Likewise, carnosol, presenting a molar
mass of 330.4 g mol1, was identied in m/z 329.41. Such
bioactive substances separated by negative ionization [MH]
were evaluated through the UV spectra and them/z ratio inmass
spectrometry. Rosmanol and CA presented a maximum
absorption wavelength of 284 nm, while carnosol presented a
maximum absorption wavelength of 268/330 nm. These
compounds detected in the rosemary extract were also identi-
ed by Borrás Linares et al.13
Methyl carnosate, presenting a molar mass of 346.2 g mol1,
was also identied in m/z 345.41. Nevertheless, its differentia-
tion from rosmanol is based on the differences in the retention
time and spectra: 2.63 min/284 nm for rosmanol and 4.37 min/
282 nm for methyl carnosate. These identications were also
Fig. 5 Chromatograms obtained using UPLC-MS of a sample
extracted by SFE-CO2, SIM (Selected Ion Monitoring), TIC (Total Ion
Chromatogram), ES (Negative Ionization), and MAW (Maximum
Absorption Wavelength).
Fig. 6 Spectra and wavelength of rosemary compounds identified by UPLC-MS.
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obtained by evaluating the information available in the scien-
tic literature, as well as the analyses of mass spectra performed
by Señoráns et al.12 and Mulinacci et al.14
3.4. Repeatability and reproducibility
Repeatability and reproducibility of the chromatograms
obtained using the developed method were studied with respect
to the parameters that dene the quality of the peaks, as
expressed in Table 2. This step for validating the method was
useful for showing its good applicability in identifying the ve
main compounds presented in this table.
In a general way, similar results were attained for all
parameters of each identied phenolic diterpene, including the
retention time (tR) and area, for both intraday and interday
injections. Low standard deviations (SDs) for most parameters
were observed. In terms of coefficient of variation (SD/mean),
values smaller than 0.6% and 0.2% were achieved for tR and
areas of the peaks, respectively. Likewise, the coefficients of
variation for k prime and resolution were smaller than 0.9% and
0.4%, respectively. The coefficients of variation for the
symmetry factor were also small for all compounds, reaching no
more than 2.1%. Similar behavior was veried for the width @
baseline parameters.
3.5. Robustness: solvent for sample dilution
Fig. 7 and Table 3 show the results of the third step. Fig. 7 shows
that different solvents and different concentrations of solvents
(aqueous mixtures) inuence the magnitude and quality of the
peaks. In this gure, the same sample obtained by SFE-CO2 was
diluted to 5 mg mL1 in each solvent.
A small deformation at the beginning of the peaks, known as
fronting, was identied when methanol was used, mostly pure
methanol. Using different concentrations of acetonitrile, a
reduction of the intensity of the peaks and a slight variation in
retention times (z0.01 min) was observed. However, the solu-
bility of CA in the solvent is decreases when the concentration of
water increases in mixtures of ethanol and water, resulting in a
smaller area and lowered height of the peaks. Thus, pure
ethanol is appropriate to be used as the solvent for analyzing CA
in extracts. For example, the areas of the peaks for RO, MC, CA
and CN were 15, 22, 54 and 69% higher than the areas obtained
using ethanol 70%, respectively.















baseline  102 ()
Intraday
(Repeatability)
Rosmarinic acid 0.2 22.8  0.4 3.46  0.01 1.50 6.4  0.1 0.97  0.02 9.5  0.4
Rosmanol 0.3 14.9  0.1 6.88  0.02 1.08 2.1  0.1 1.17  0.01 8.3  0.5
Carnosol 0.2 14.7  0.1 10.29  0.02 1.31 21.5  0.1 1.01  0.01 7.6  0.3
Carnosic acid 0.2 7.5  0.1 3.46  0.03 1.14 10.6  0.1 1.09  0.01 9.5  0.4
Methyl carnosate 0.3 6.5  0.1 11.24  0.04 1.04 3.6  0.1 1.00  0.01 8.0  0.3
Interday
(Reproducibility)
Rosmarinic acid 0.3 23.2  0.2 3.45  0.01 1.50 6.3  0.1 0.98  0.01 10.2  0.9
Rosmanol 0.2 14.5  0.3 6.84  0.02 1.08 2.06  0.02 1.20  0.01 8.6  0.2
Carnosol 0.2 14.9  0.3 10.21  0.02 1.31 21.8  0.1 1.01  0.01 7.4  0.2
Carnosic acid 0.1 7.7  0.1 3.45  0.03 1.14 10.57  0.03 1.11  0.01 8.8  0.5
Methyl carnosate 0.2 6.3  0.1 11.22  0.03 1.04 3.7  0.1 1.01  0.01 7.3  0.4
a  represents the standard deviation; tR: retention time; RSD: relative standard deviation; (), dimensionless.
Fig. 7 Effect of the solvent on the intensity and resolution of the peak corresponding to carnosic acid.
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The extracts diluted in each solvent were analyzed using the
current chromatographic method, aiming to understand
whether the solvent for sample dilution inuences the chro-
matographic separation and quality of the major peaks using
the fused-core column. In addition to the evaluation of the
results presented in Fig. 7, such an inuence was also analyzed
relative to the parameters presented in Table 3, through the
quantitative description of the method efficiency.
According to the results shown in Table 3, no important
differences (considering the standard deviation) were observed
for the selectivity of the main compounds (rosmanol, carnosol,
CA and methyl carnosate), using all the solvents tested in this
study. Furthermore, no signicant differences have been veri-
ed for the parameters retention time and k prime. The areas of
the peaks were inuenced by the solvent used for sample dilu-
tion. Larger signals from CA were achieved using pure ethanol
or pure methanol. Higher areas of peaks corresponding to
rosmanol were obtained by diluting the samples in ethanol,
ethanol 80% or methanol. In the same way, higher areas of
peaks corresponding to carnosol were obtained by diluting the
samples in acetonitrile, acetonitrile 80%, ethanol, methanol or
ethanol 80%. There were also differences for the symmetry
Table 3 Influence of the sample solvent on the chromatographic performance of the current methoda













EtOH Rosmanol 2.98  0.01 16.0  0.1 6.84  0.02 1.08 5.71  0.04 1.17  0.01 9.0  0.3
Carnosol 3.79  0.01 21.3  0.2 8.97  0.02 1.09 7.48  0.09 1.13  0.09 9.2  0.3
Carnosic acid 4.27  0.01 9.1  0.1 10.24  0.02 1.14 3.52  0.03 1.14  0.01 8.8  0.6
Methyl
carnosate
4.64  0.01 7.2  0.1 11.20  0.01 1.04 3.58  0.02 1.00  0.01 7.3  0.2
80% EtOH Rosmanol 2.99  0.01 16.1  0.1 6.86  0.02 1.08 5.95  0.03 1.18  0.01 9.1  0.5
Carnosol 3.79  0.01 18.2  0.8 8.98  0.02 1.09 7.47  0.09 1.12  0.09 9.4  0.4
Carnosic acid 4.28  0.01 6.3  0.7 10.26  0.03 1.14 3.49  0.01 1.15  0.01 8.8  0.4
Methyl
carnosate
4.64  0.01 6.6  0.2 11.21  0.03 1.04 3.59  0.03 1.00  0.01 7.8  0.3
70% EtOH Rosmanol 2.99  0.01 14.4  0.1 6.86  0.02 1.08 5.98  0.04 1.18  0.01 9.2  0.2
Carnosol 3.79  0.01 12.6  0.6 8.98  0.02 1.09 7.44  0.05 1.17  0.05 9.1  0.3
Carnosic acid 4.28  0.01 5.9  0.5 10.27  0.02 1.14 3.50  0.02 1.15  0.01 9.0  0.1
Methyl
carnosate
4.65  0.01 5.9  0.2 11.25  0.01 1.04 3.57  0.03 0.99  0.01 7.2  0.4
MeOH Rosmanol 2.99  0.01 16.0  0.1 6.84  0.01 1.08 6.01  0.02 1.19  0.01 9.1  0.2
Carnosol 3.79  0.01 20.6  0.5 8.98  0.02 1.09 7.51  0.09 1.30  0.06 9.3  0.8
Carnosic acid 4.28  0.01 9.1  0.2 10.26  0.02 1.14 3.53  0.02 0.84  0.01 12.2  0.3
Methyl
carnosate
4.64  0.01 7.1  0.1 11.21  0.04 1.04 3.56  0.03 1.00  0.02 7.3  0.5
80% MeOH Rosmanol 2.99  0.01 15.2  0.1 6.86  0.02 1.08 6.04  0.02 1.19  0.01 8.9  0.3
Carnosol 3.79  0.01 14.4  0.2 8.98  0.02 1.09 7.47  0.07 1.29  0.05 10.5  0.5
Carnosic acid 4.28  0.01 8.6  0.2 10.26  0.03 1.14 3.55  0.02 0.82  0.01 12.5  0.5
Methyl
carnosate
4.64  0.01 6.5  0.3 11.21  0.04 1.04 3.59  0.02 0.99  0.03 7.5  0.6
70% MeOH Rosmanol 2.98  0.01 15.4  0.1 6.85  0.02 1.08 6.06  0.02 1.18  0.01 9.3  0.4
Carnosol 3.79  0.01 11.2  0.9 8.97  0.02 1.09 7.45  0.02 1.22  0.05 9.7  0.7
Carnosic acid 4.27  0.01 6.6  0.1 10.24  0.03 1.14 3.56  0.01 0.93  0.01 11.6  0.2
Methyl
carnosate
4.63  0.01 5.2  0.4 11.19  0.02 1.04 3.57  0.01 1.00  0.02 7.5  0.6
ACN Rosmanol 2.98  0.01 15.5  0.2 6.84  0.02 1.08 5.81  0.05 1.18  0.01 8.9  0.3
Carnosol 3.79  0.01 25.2  0.8 8.96  0.03 1.09 7.59  0.07 1.21  0.03 9.0  0.5
Carnosic acid 4.28  0.02 8.1  0.9 10.25  0.04 1.14 3.55  0.03 1.15  0.01 9.2  0.3
Methyl
carnosate
4.63  0.01 6.2  0.3 11.19  0.03 1.04 3.59  0.03 1.00  0.01 8.0  0.4
80% ACN Rosmanol 2.99  0.01 15.4  0.1 6.86  0.01 1.08 5.96  0.04 1.19  0.01 9.6  0.3
Carnosol 3.80  0.01 21.8  0.4 8.99  0.01 1.09 7.59  0.03 1.22  0.04 9.0  0.3
Carnosic acid 4.28  0.01 7.5  1.6 10.27  0.01 1.14 3.52  0.02 1.15  0.01 8.9  0.3
Methyl
carnosate
4.65  0.01 6.6  0.2 11.24  0.02 1.04 3.57  0.01 0.98  0.01 7.2  0.4
70% ACN Rosmanol 2.99  0.01 14.9  0.1 6.86  0.02 1.08 6.01  0.02 1.19  0.01 9.1  0.3
Carnosol 3.79  0.01 18.3  0.3 8.98  0.03 1.09 7.55  0.04 1.24  0.03 9.3  0.3
Carnosic acid 4.27  0.01 6.8  0.2 10.24  0.01 1.14 3.53  0.03 1.15  0.01 8.8  0.2
Methyl
carnosate
4.64  0.01 6.2  0.4 11.22  0.03 1.04 3.57  0.02 0.99  0.02 7.3  0.4
a  represents the standard deviation; tR: retention time; (), dimensionless; EtOH: ethanol; MeOH: methanol; ACN: acetonitrile.
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factor of CA and width @ baseline of carnosol and CA, mainly
when the solvent used for sample dilution is methanol (Fig. 7).
Nevertheless, both solvents are properly indicated when the
resolution of the peaks is the parameter of most interest.
Therefore, based on the results shown in Table 3 and Fig. 7,
pure ethanol was selected as the solvent for sample dilution for
the next steps of validating the analytical method.
3.6. Robustness of the method: sample concentration/
dilution and injection volume
This section aims to present and to discuss the results linked to
the step for determining the analytical properties of the current
method, which consisted of combining ve injection volumes
(10, 20, 30, 40 and 50 mL) with ve dilutions in ethanol: 1, 2,
3, 4 and 5, using the reference extract solution of 5 mg
mL1. The robustness of the chromatographic method was
evaluated by analyzing the results, some of which are summa-
rized in Table 4. The goal was to determine the constancy of the
results when the conditions inherent to the method were
deliberately varied.
Regarding the tR of rosmanol, no signicant differences
were observed among all combinations tested in this step (p-
value < 0.05). Small differences in the tR of CN (3.78  0.01 to
3.81  0.01 min) and CA (4.27  0.01 to 4.31  0.02 min) were
observed, meaning a variation smaller than 2 s in the times
corresponding to the maximum height of the peaks. A
minimum tendency of increasing the tR of these compounds
was perceived when the samples were diluted to lower
concentrations, it means the dilutions of 4 and 5 using the
reference extract solution. However, the responses relative to
the areas of the peaks were shown to be proportional to the
dilutions and injected volumes. These results revealed a
satisfactory application of the current method for several
different conditions (except for the sample dilution of 5,
wherein poor peak shapes were seen, not enabling their
integration).
In a general way, no pronounced differences were noted for k
prime (capacity factor) and selectivity. Nevertheless, better
resolution was observed when using lower injection volumes,
independent of the dilution factor. For example, the resolution
of the peak of CN was increased from 16.4 to 21.5 when
reducing the injection volume from 50 mL to 10 mL. Likewise, the
resolution of the peak of CA was increased from 8.3 to 10.5
when reducing the injection volume from 40 mL to 10 mL. The
higher injection volumes (consequently higher solvent volumes)
interfere with the quality of the peaks, causing band broad-
ening. In this case, different responses in the symmetry factor of
each peak can also appear. Notwithstanding, all resolutions of
the peaks were good.
Skoog et al.22 suggest that the transference from one phase to
the other requires energy, and the molecule must acquire this
energy from its surroundings. Thus, the residence time in a
given phasemay be transitory aer some transfers and relatively
long aer others. As a consequence, certain particles of a same
substance ow rapidly due to their accidental inclusion in the
mobile phase, whereas others ow slowly due to their associa-
tion with the stationary phase.
In this sense, these individual movements can lead to
symmetric or asymmetric distribution of each peak, known as
tailing or fronting. With respect to this study, increasing the
injection volume from 10 mL to 50 mL caused a change in the
symmetry of CN from 0.99 to 0.78, remembering that a
symmetric peak presents a symmetry of 1. Otherwise, the
symmetries of peaks corresponding to CN and MC were
seen to remain constant (0.99  0.01 to 1.01  0.01 and 0.99 
0.01 to 1.00  0.03, respectively), for the same injection
volume (10 mL).
The robustness of the proposed method was then accom-
plished. This study demonstrated that slight variations
appeared when using different concentrations of the sample
in the solvent for the same injection volume. Good robustness
was shown by the nearly unchanged values of the parameters.
Low relative standard deviation (RSD) values of the areas of
the peaks along the triplicates were found. All of RSD values
were lower than 5.3% for all compounds identied and pre-
sented in this paper. The method was considered robust
because it was not much sensitive to variations in the experi-
mental conditions.
In fact, the range of width @ baseline and symmetry factors
was shown to be a function of the injection volume, as dis-
cussed before. Most of the values of theses parameters were
near to 7.0 and to 1.0, respectively, when injecting 10 mL.
We therefore infer that several sample concentrations may
be used by applying the developed method because the quan-
titative results were satisfactory. Aiming to avoid poor peak
shapes, low injection volumes are indicated. These volumes
need to be generally lower than 30 mL, because good resolution
of the peaks was achieved using those conditions, mainly with
10 mL.
Table 4 Parameters evaluated with relationship to the robustness of the methoda
Compound k prime () Selectivity () Resolution () Symmetry Factor ()
Width @ baseline
 102 ()
Rosmanol 6.84–6.90 1.08 1.7–2.0 0.6–1.2 7.1–20.6
Carnosol 8.96–9.04 1.31 16.4–21.5 0.7–1.0 7.5–12.7
Carnosic acid 10.22–10.33 1.14 8.3–10.5 0.7–1.1 8.2–15.1
Methyl carnosate 11.19–11.30 1.04 2.8–3.6 0.7–1.0 7.2–12.0
a (), dimensionless.
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3.7. Comparison with other methods
There are numerous studies where nonvolatile compounds
from rosemary are analyzed by HPLC using UV-Vis detection.
Most of them use C18 columns and have a longer time of
analysis.
One example is the study performed by Vicente et al.,23 where
the total time of analysis was 45 min using mixtures of aceto-
nitrile and water as the mobile phase. Zhang et al.24 applied
another method for analyzing rosemary extract and identied
the main compounds in times up to 20 min. Satisfactory sepa-
ration of the major phenolic diterpenes found in rosemary was
reached using mixtures of acetonitrile and water as the mobile
phase, but in 58 min of the total time of analysis.14
Couto et al.25 developed amethod for separating RA in 11.5
0.2 min. However, the chromatographic prole was regular,
presenting a poor peak resolution. Thus, the greater advantage
of this developed and validation method is its simplicity,
robustness, reliability and shorter time of analysis. Combining
fused-core columns with high temperatures and mobile phase
ow rates is useful, because it affords higher sample processing
capability compared to the previously cited methods. Further-
more, the fused-core technology represents a step forward in the
available analytical methodology. The strategy employed resul-
ted in a shortening of the time of analysis with high resolution
of the chromatographic peaks corresponding to the phenolic
terpenes.
3.8. Standard curves
The experiments performed in this section were focused on
elaborating the standard curves, in duplicate, using the external
standards of CA and RA. Nine concentrations were prepared in
pure ethanol: 380, 125, 100, 50, 10, 1, 0.5, 0.25 and 0.1 mg L1.
An excellent correlation between the area of the peak and the
concentration of the external standard was observed. The values
of the coefficients of correlation (R2) were 0.9999 and 0.9998
throughout the concentration range of CA and RA, respectively.
The values of R2 were also very good when we analyze only the
three lower concentrations wherein the peaks were detected
(0.25, 0.5 and 1 mg L1). These values of R2 were 0.9959 and
0.9995 by tting the area of each compound (CA and RA) with
their corresponding concentration, respectively.
The order of magnitude of the areas equivalent to both
compounds is different. For the same concentration, the area of
the peak corresponding to RA is larger than the area of the peak
Fig. 8 Application of the developed method to different samples. 1:
rosmarinic acid; 2: rosmanol; 3: carnosol; 4: carnosic acid; 5: methyl
carnosate.
Table 5 Concentrations (mg per 100 g of extract) of CA, RA, RO, CN and MC in different samples
Sample CA RA ROa CNa MCa
Rosemary 14.9  0.4 3.3  0.1 15.3  0.5 17.5  0.6 19.0  0.3
Sage 33.4  0.1 2.0  0.1 10.8  0.2 9.8  0.3 5.7  0.1
Chimichurrib 11.7  0.4 0.7  0.1 1.6  0.1 7.9  0.2 7.6  0.2
Mixture of herbs 7.9  0.4 1.4  0.1 1.9  0.2 7.0  0.2 6.8  0.1
Oregano — 3.5  0.1 — — —
a mg of CA equivalent per 100 g of extract. b Commercial name.
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corresponding to CA. The area of CA was 89  103 mV s (Fig. 4),
that is, the concentration of 60.4 mg L1. In the same context,
the area of RA was 228  103 mV s (Fig. 3), that is, a concen-
tration of 48.7 mg L1. Thus, the method developed and vali-
dated in this study can be used with accuracy for detecting low
concentrations of CA and RA and can be applied to different
samples. As we have seen, it is possible to identify these
compounds diluted to 0.25 mg L1.
The concentrations of the analytes showing signal-to-noise
ratios of 3 : 1 and 10 : 1 were considered as the limits of
detection (LODs) and limits of quantication (LOQs). The
values of LOD and LOQ were 0.25 mg mL1 and 1 mg mL1,
respectively, for both compounds: CA and RA.
3.9. Application the developed method to different samples
The current method was applied to the analysis of ve different
samples (rosemary, sage, the mixture for chimichurri sauce and
a mixture of herbs). The extracts were obtained with ethanol,
according to the procedure described in Section 2.2.1.
Fig. 8 presents the chromatograms of these samples. RA was
identied in all samples, while CA, carnosol and rosmanol were
identied in rosemary, sage, the mixture for chimichurri sauce
and the mixture of herbs. The low intensity of the peak corre-
sponding to RA is a consequence of the wavelength of chro-
matograms shown in Fig. 8. Both chromatograms were taken
at 284 nm, while the maximum absorption wavelength of RA is
328 nm.
Table 5 exhibits the content of CA, RA, rosmanol (RO), car-
nosol (CN) and methyl carnosate (MC) in the ve analyzed
samples. The results note that the developed method is reliable
and efficient for the analysis of phenolic diterpenes in vegetal
matrices.
4. Conclusions
Separation of phenolic terpenes was attained in 4.7 min (time of
each run equal to 7 min) using a fused-core column. It was
possible by applying a systematic strategy of optimizing the
chromatographic parameters (gradient and ow rate of the
mobile phase, column temperature and re-equilibration time
between the analytical runs) aiming to develop a simple,
selective, reliable and robust method for fast analysis of
phenolic terpenes. The total time of analysis was only 10 min,
including a re-equilibration period. The method was validated
and was found to be efficient with respect to its robustness,
accuracy, repeatability, reproducibility, analyte detection levels
and applicability to different samples. In the analysis of
commercial samples, the results indicated different composi-
tions and concentrations. The current method showed excellent
chromatographic performance in terms of resolution, selectivity
(separation factor), k prime (capacity factor), symmetry factor
and width @ baseline. The precision of the method was
conrmed by the low RSD of the replicated analytical runs.
Good peak shapes were achieved using fused-core technology,
indicating that this method has great potential for determining
some bioactive substances in natural products.
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a b s t r a c t
Bed geometry plays an important role in supercritical fluid extraction kinetics. Thus, the objective of
this study was to compare the overall extraction curves (OEC’s) of rosemary compounds obtained in two
beds of 1 L each with different geometries (in terms of height to bed (HB) diameter (DB) ratios, HB/DB). A
scale-up study was carried out maintaining the solvent mass to feed mass (S/F) ratio equal for both beds.
Other process variables, such as bed porosity, apparent and true densities of the raw material, particle
average size, temperature, pressure and time of extraction, were also maintained constant. The kinetic
parameters were obtained by fitting the OEC to a spline model. The results revealed differences of mass
transfer rates, mass ratios of solute in the fluid phase and yields of extract in the constant extraction rate
period. The evaluation of the OEC’s and kinetic parameters indicated that the bed with lower HB/DB ratio
(HB/DB = 2.7) was more favorable for obtaining rosemary extract. The kinetics of extraction of oxygenated
monoterpenes (i.e., 1,8-cineole and camphor) and phenolic diterpenes (i.e., carnosic acid) were also dif-
ferent for both bed geometries. These behaviors suggest that the bed geometry presents a pronounced
influence in the mass transport properties in supercritical media. Thus, in spite of the scale-up criterion
be successful for several botanic matrices such as clove buds, sugarcane residue and grape seeds residue,
the criterion applied in this study (maintaining a constant S/F ratio for a given time of extraction) was
not suitable for this raw material.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
The advances that supercritical technology is reaching in the
past years are related to the continuous increase of activities
connected to scientific research and technological development,
which focus on inserting novel processes in the food, pharmaceu-
tical, chemical and cosmetics industries. Although there is a lot of
information about extracting bioactive compounds from natural
resources using supercritical fluids, there is a need of scientific stud-
ies emphasizing the evaluation of the influence of process variables
on the kinetic profiles of obtaining target compounds industrially
useful in the cited industries.
Bed geometry is one of these variables. Different HB/DB ratios
have effect on solid distribution, solvent flow path, mass and
heat transfer rates and vessel construction costs [1]. Some stud-
ies evaluated the influence of the bed geometry using supercritical
fluid extraction from solid raw materials, as clove [2], fennel [3],
∗ Corresponding author. Tel.: +55 19 3788 4033; fax: +55 19 3788 4027.
E-mail addresses: maameireles@gmail.com, meireles@fea.unicamp.br
(M.A.A. Meireles).
rosemary [4] and black sage [5]. Clove oil, for instance, contains
high concentration of volatile substances and can be easily obtained
in any type of bed, that is, in beds of different HB/DB ratios. Similar
kinetic yields were presented by maintaining the mass of solvent to
feed mass (S/F) ratio constant during a determined period of time as
the scale up criterion [2]. Notwithstanding, peach extract yields of
different magnitude have been reported by maintaining the same
scale up criterion [6]. Otherwise, extract rich in anethole and fen-
chone was obtained from dry fennel seeds by using an empirical
model as a scale up criterion [3]. Thus, different characteristics of
vegetal matrices and solutes are leading the researchers to estab-
lish a suitable scale up criterion to be applied either for specific
group of raw materials or specific class of target components.
Most of the target components extracted from plants can be
applied for producing food supplements, medicines, food additives
and other products with the brand “natural” instead of the synthetic
ones. In the case of rosemary extract, it contains 1,8-cineole, cam-
phor, borneol, trans-caryophyllene, carnosic and rosmarinic acids,
carnosol and rosmanol as major constituents [7–10]. The whole
extract has been recognized to have numerous therapeutic proper-
ties, such as antimicrobial [11], hypoglycemic and hepatoprotective
[12], antioxidant [13], antidepressant [14] and anticancer [15]. The
http://dx.doi.org/10.1016/j.supflu.2014.07.020
0896-8446/© 2014 Elsevier B.V. All rights reserved.
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Nomenclature
SFE supercritical fluid extraction (–)
OEC overall extraction curve (–)
LPSE low-pressure solvent extraction (–)
S/F solvent to feed mass ratio (g of solvent/g of raw
material)
HB/DB bed length to diameter ratio (Dimensionless)
r true density of the particles (g/cm3)
a apparent density of the bed (g/cm3)
dp mean particle diameter (mm)
ε porosity of the bed (Dimensionless)
X0 global yield of extract (g of extract/g of raw material)
CER constant extraction rate (–)
tCER end of the CER period (min)
MCER mass transfer rate for the CER period (g of
extract/min)
RCER yield of extract for the CER period (g of extract/100 g
of extractable)
YCER mass ratio of solute in the fluid phase at the extractor
vessel outlet for the CER period (g of extract/kg of
solvent)
FER falling extraction rate (–)
tFER end of the FER period (min)
MFER mass transfer rate for the FER period (g of
extract/min)
RFER yield of extract for the FER period (g of extract/100 g
of extractable)
YFER mass ratio of solute in the fluid phase at the extractor
vessel outlet for the FER period (g of extract/kg of
solvent)
DC diffusion-controlled rate (–)
effectiveness of rosemary in meat antioxidant stability, one of the
most appreciated properties of its extract, is mainly related to
the presence of carnosic acid, carnosol and rosmarinic acid [16].
Likewise, purified extract containing carnosic acid (CA), a pheno-
lic diterpene, was found to have potential action against oxidative
reactions. Positive effects were shown in restraining fish oil oxida-
tion by supplementing the oil with 0.02% (w/w) of CA. Furthermore,
CA was demonstrated to hold an activity against human respiratory
virus [17]. In the same way, the oxygenated monoterpenes compos-
ing the rosemary volatile oil exhibited a significant antimicrobial
activity against Staphylococcus aureus and Pseudomonas aeruginosa
[18].
Rosemary compounds can be extracted by using different
extraction methods. The SFE method has been widely investi-
gated because it involves a green technology. Moreover, the great
advantage of SFE to obtain rosemary products is the selectivity of
the process, thus, it is possible to fractionate the extract to sep-
arate the volatile substances from the phenolic compounds [19].
Vicente et al. [8] reported an extract yield of about 4.5 g/100 g
of rosemary leaves, while the content of volatile substances and
carnosic acid were approximately 12.8 and 10.9 wt.%, respec-
tively.
Regarding again the process engineering, the design of
industrial-scale equipment is usually preceded by laboratory and
pilot-scale systems [20]. Based on it, in mid-2004, Carvalho et al.
[4] and Moura et al. [3] performed studies about the influence of
HB/DB ratio on the extraction kinetics of rosemary (Rosmarinus offi-
cinalis) and fennel (Foeniculum vulgare) compounds, respectively.
The authors proposed correlations contemplating the bed geom-
etry (in terms of HB/DB) and two process variables (amount of
feed raw material and solvent flow rate) to obtain similar kinetic
behaviors for the overall extraction curves (OEC’s). The results were
satisfactory when fennel was used, because the behaviors were
similar for the kinetics of extraction yield between the tested
HB/DB ratios. Notwithstanding, the kinetic behaviors for rose-
mary extracts were different. The OEC presented some differences
between the tested HB/DB ratios by using their own proposed cor-
relations for the geometry shift. Furthermore, the experimental
studies were restricted to extractors of small volumes (0.22 L and
0.30 L).
Then, the homemade multipurpose unit (SFE-2 × 1 L, without
solvent recycling) [2] containing 2 extractors of 1 L each with
different HB/DB ratios (E-1: HB/DB = 7.1; E-2: HB/DB = 2.7) was
used in this study for acquiring more information about the
magnitude of the influence of the bed geometry in obtaining
bioactive compounds from rosemary along the extraction time.
The objective consisted in knowing whether the behavior of the
OEC shown by Carvalho et al. [4] is reproduced in this multi-
purpose unit (maintaining S/F constant), evaluating the kinetic
results from the total extract, volatile and non-volatile compounds
yields. The process control was manually done by using manually
controlled valves, manometers, thermocouples and flow totaliz-
ers.
2. SFE: criteria for bed geometry shift and scale up
Bed geometry plays an important role in SFE kinetics. The suc-
cess of scale up is linked to the reproduction of kinetic extraction
curves using different bed geometries. For this reason, criteria for
bed geometry shift and scale up should be developed and validated.
The challenge is to establish relationships involving process vari-
ables for getting similarities in the response variables evaluated for
each bed geometries studied. Thus, understanding which parame-
ters should be maintained constant and which information should
be input for process development is necessary for attaining similar
profiles in SFE.
Based on these aspects, we can find on literature some crite-
ria adopted in supercritical technology area, as detailed in Table 1.
The remarks suggest that there is not a single criterion for geom-
etry shift and scale up able to be applied for a whole system.
On the other hand, there are some criteria suitable for a group
of systems and not suitable for another group of systems. This
is the case of the criterion used in this study. The referred crite-
rion was properly used in SFE-CO2 from clove [2,21] and annatto
[22]. However, the same criterion was not appropriated in obtain-
ing rosemary extract. Once the SFE from vegetal matrices is rather
complex, this fact is associate to the characteristics and location
of each class of solutes in each raw material. The volatile oil from
clove is simpler to extract, because its major part can be obtained
in the CER period wherein the convective mass transfer is the
dominant mechanism in the process. Likewise, the tocotrienols-
rich oil from annatto is located on the particle surface. In such
region, the solvent can solubilize the solute by reaching the external
layer of the cellular structure, and different momentum phenom-
ena occurring in each bed do not seem to influence the extraction
process.
3. Materials and methods
3.1. Rosemary
Rosemary leaves were obtained from the Municipal Market of
Campinas, Brazil. The raw material at −18 ◦C was comminuted
in a knife mill (Marconi, MA-340, Piracicaba, Brazil) and the par-
ticle size distribution was determined using a vibratory system
(Bertel, 1868, Caieiras, Brazil) with sieves of mesh sizes 8–80 (Tyler
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Table 1
Important aspects about the criteria used for geometry shift and scale up in SFE processes.
Raw material Criterion Remarks about the criterion Refs.
Ginger (Zingiber officinale) S2F2 =
S1
F1
; tE = constant Suitable: the OEC were similar when a 17-fold scale up
was developed
[23]








Suitable: the proposed empirical model seemed to be







= S1F1 ; tE = constant Not suitable: the kinetic yield for obtaining
octacosanol-rich extracts was larger in HB/DB = 5.9
than in HB/DB = 2.3
[23]
Grape (Vitis vinifera) S2F2 =
S1
F1
; tE = constant Suitable: similar shapes of the OEC revealed that the
criterion was successful in reproducing kinetics
behaviors in different scales
[24]
Clove (Eugenia caryophyllus) Q2A2 =
Q1
A1
Not suitable: maintaining the solvent velocity constant
has not been indicated by the authors, because it
affects the mass flow rate
[25]
Clove (Eugenia caryophyllus) S2F2 =
S1
F1
; tE = constant Suitable: maintaining an equal S/F ratio and an equal
time of extraction for using different bed geometries
proportionated achieving similar kinetic parameters,






= S1F1 ; tE = constant Not suitable: the criterion was not valid by comparing
the yields in different geometries: HB1/DB1 = 2.3 and
HB2/DB2 = 5.0
[23]
Peach (Prunus persica) S2F2 =
S1
F1
; tE = constant Not suitable: yields of different magnitude have been
reported
[6]
Black Sage (Cordia verbenacea) S2F2 =
S1
F1
; tE = constant Suitable: the OEC for several bed geometries were
overlaid
[5]
Pepper (Capsicum frutescens) Q1F1 =
Q2
F2
Not suitable: clear differences for the convective mass
transfer coefficient (kYA), between laboratorial and














Not suitable: differences in the kinetic parameters
between the bed geometries were presented
[27]
Annatto (Bixa orellana L.) S2F2 =
S1
F1
; tE = constant Suitable: similar kinetic yields were attained in both
















Not suitable: differences in the extraction curves for






= S1F1 ; tE = constant Not suitable: different behaviors of the OEC and
different profiles of extract composition for each bed
were observed
This work
S, mass of solvent; F, mass of raw material; tE, time of extraction; Q, solvent mass flow rate; HB, bed height; DB, bed diameter; V, bed volume; Refs.: reference.
series, Wheeling, USA). The comminuted samples were packed in
air impermeable bags and stored again at −18 ◦C (HC-4, Metalfrio,
São Paulo, Brazil). The mean particle diameter (dp) was determined
according to the ASAE method [28].
The moisture (U) content of the comminuted samples was
determined in duplicate using the xylene distillation method
[29]. The true density of the particles (r) was measured by
picnometry with helium gas at the Analytical Center of the
Institute of Chemistry – UNICAMP (Campinas, Brazil). The appar-
ent density of the bed (a) was calculated by dividing the
sample feed mass by the volume occupied by the sample in
the extractor. The total porosity of the bed (ε) was calculated
as: ε = 1 − (a/r).
3.2. Obtaining rosemary extract by LPSE
Rosemary extract was obtained using low-pressure solvent
extraction (LPSE) to compare the yield and chemical composition
with those of the samples obtained using supercritical CO2 extrac-
tion (SFE-CO2). Milled rosemary (10 g) was wrapped in filter paper
and placed in a Soxhlet apparatus connected to a solvent flask
with 0.3 L of ethanol (Chemco, Hortolândia, Brazil). The system
was refluxed for 6 h; afterwards it was removed from the extracted
mixture using a rotary vacuum evaporator (Logen Scientific, LSCS-
1/52C, Diadema, Brazil) at 40 ◦C. The extract mass was determined
with an analytical scale (Radwag, AS200/C/2, Radom, Poland). The
assays were replicated 3 times.
3.3. Obtaining rosemary extract with supercritical CO2
SFE-CO2 of rosemary extract was performed at 40 ◦C and 30 MPa.
These conditions were obtained from literature, according to Car-
valho et al. [4]. CO2 (99.0% purity, Air Liquide, Campinas, Brazil)
was used as the solvent. Firstly, X0 was obtained in duplicate using
the commercial Spe-ed unit (Applied Separations, 7071, Allentown-
USA). The extraction in the commercial Spe-ed unit was done at
S/F ratio of 210 g CO2/g rosemary. The 5 mL extractor was filled
completely with 2.4 g of comminuted leaves of rosemary and the
CO2 flow rate was maintained constant at 2.2 g/min. It is impor-
tant to mention that X0 consists of the amount of solute that is
extractable from a botanic matrix at fixed conditions of temper-
ature and pressure for an established S/F ratio. X0 was used to
calculate the relative yields (Y; g of extract/100 g of extractable)
of the extracts obtained in the SFE-2 × 1 L unit, as expressed in Eq.
(1). The term “extractable” means the amount of extract obtained
at 40 ◦C, 30 MPa and S/F = 210 g CO2/g rosemary.
Y = massextract(S/F = i, ∀ 0 < i ≤ 210)
X0[massextract(S/F = 210)]
× 100 (1)
The experimental assays for evaluating the influence of the bed
geometry on the extraction kinetics were done in a homemade
multipurpose unit SFE-2 × 1 L, as described by Zabot et al. [2]. The
referenced unit contains 2 extractors of 1 L each with different bed
geometries (E-1: HB/DB = 7.1; E-2: HB/DB = 2.7). The beds were filled
completely with 475 g of comminuted leaves of rosemary for the
runs. Baskets of 80 mesh with the same diameters as the internal
Obtenção de Extrato de Alecrim – Capítulo 6 –
95
G.L. Zabot et al. / J. of Supercritical Fluids 94 (2014) 234–244 237
Table 2
Conditions used in the GC-FID system for analyzing rosemary extracts.
Conditions






Column J&W Scientific, 30 m × 0.25 mm × 0.25 m,
Folsom, USA
Carrier gas Helium (99.9% purity, White Martins,
Campinas, Brazil)
Carrier gas flow 0.79 mL/min
Injection volume 3 L
Split ratio 1:20
Injector temperature 200 ◦C
Detector temperature 280 ◦C
Detector Flame Ionization Detector (FID)
diameters of the extractors (DE-1 = 5.7 cm and DE-2 = 7.8 cm) were
used to simplify charging/discharging the vegetal matrix. After
exiting the bed, the mixture of extract + CO2 was expanded in a
micro-metering needle valve involved by a heating jacket to avoid
the freezing of the extract. For each trial, nineteen samples of
extract were collected in glass flasks of 0.1 L (separation at ambient
pressure) in gradual intervals. The experimental runs were repli-
cated 2 times. The extract mass was determined with an analytical
scale (Radwag, AS200/C/2, Radom, Poland). The mass losses in the
separation step were not measured, because previously in our labo-
ratory these amounts were observed to be very low. Takeuchi et al.
[30] observed clove extract losses in the exit CO2 stream lower than
1.1 wt.% when depressurization was done up to ambient pressure
and 60 ◦C. The losses can be even lower when the separation is
accomplished at temperatures near to 0 ◦C.
The same S/F ratio in both beds (E-1 and E-2) at a fixed time
of extraction was the adopted criterion to study the scale up for
this system. The total time of extraction was fixed in 6 h and
two levels of S/F ratio were studied (in the SFE-2 × 1 L unit): S/F-
1 = 14.3 g CO2/g rosemary and S/F-2 = 5.0 g CO2/g rosemary. Once
the bed volumes and time of extraction were equal in both cases
(S/F-1 and S/F-2), the CO2 mass flow rates were also equal for each
S/F ratio, resulting in flow rates of 17.3 g/min for S/F-1 and 6.0 g/min
for S/F-2. An experimental randomized block design was carried
out to evaluate the influence of the bed geometry (E-1 and E-2)
on each block (S/F-1 and S/F-2 ratios). The order of the extractions
was sorted and the statistical data analysis was performed using
Minitab 16®.
The experimental OEC data were fitted to a spline with 3 straight
lines [31,32] using SAS 9.2® to estimate: tCER; MCER; RCER; YCER; tFER;
MFER; RFER; and YFER. These parameters were determined for each
experimental replicate, which allowed us to compare the curves for
the extraction beds.
3.4. Chemical analyses of extracts
The compositions of the volatile substances present in the rose-
mary extracts were determined using gas chromatography with
flame ionization detector (GC-FID; Shimadzu, CG17A, Kyoto, Japan)
equipped with a capillary column of fused silica DB-5 (J&W Scien-
tific, 30 m × 0.25 mm × 0.25 m, Folsom, USA). Chemical analysis,
based on Ibañez et al. [7], consisted of injecting 3 L of each sample
diluted to 500 ppm (w/w) in acetone (Êxodo Científica, Hortolân-
dia, Brazil) and filtered using nylon membrane (0.45 m). Table 2
shows the column specification, temperature gradient and operat-
ing conditions for the GC-FID analysis of volatile compounds.
Table 3
Conditions used in the HPLC–PDA system for analyzing rosemary extracts.
Conditions
Parameter Time (min) Concentration






Return to initial conditions 7.0 10
Equilibration period 10 85
Column Fused-core C18 (Kinetex;
100 mm × 4.6 mm × 2.6 m)
Phase A Deionized water with 0.1% (v/v) of
acetic acid
Phase B Acetonitrile with 0.1% (v/v) of acetic
acid
Injection volume 10 L
Column temperature 55 ◦C
Detector wavelength range 200–400 nm
Detector Photodiode Array Detector (Waters,
2998, Milford, USA)
The volatile compounds present in the rosemary extracts were
identified by comparing the retention indices of the samples with
that of standards. The standards used were: 1,8-cineole (C10H18O –
CAS 470-82-6 – Sigma Aldrich, St. Louis, USA); camphor (C10H16O –
CAS 76-22-2 – Sigma Aldrich, St. Louis, USA); trans-caryophyllene
(C15H24 – CAS 87-44-5 – Sigma Aldrich, St. Louis, USA); -terpineol
(C10H18O – CAS 98-55-5 – Sigma Aldrich, St. Louis, USA); -pinene
(C10H16 – CAS 2437-95-8 – Aldrich, Milwaukee, USA); borneol
(C10H18O – CAS 507-70-0 – Aldrich, Milwaukee, USA); camphene
(C10H16 – CAS 79-92-5 – Sigma Aldrich, St. Louis, USA); p-cimene
(C10H14 – CAS 99-87-6 – Aldrich, Milwaukee, USA); terpinen-4-
ol (C10H18O – CAS 562-74-3 –Acros Organics, New Jersey, USA);
linalool (C10H18O – CAS 78-70-6 – Sigma Aldrich, St. Louis, USA);
and limonene (C10H16 – CAS 138-86-3 – Sigma Aldrich, St. Louis,
USA). Quantification was performed using external standard cali-
bration curves.
The content of CA and rosmarinic acid (RA) present in the
rosemary extracts were determined by high-performance liq-
uid chromatography (HPLC) using a methodology adapted from
Cuvelier et al. [33] and described by Zabot et al. [34]. The chromato-
graphic analyses were developed using the HPLC–PDA (Waters,
Alliance E2695, Milford, USA) system equipped with Photodiode
Array Detector (PDA). Separation of compounds was carried out
on a fused-core type column (Kinetex, 100 mm × 4.6 mm × 2.6 m;
Phenomenex, Torrance, USA). The injection volume consisted of
10 L of each sample diluted to 5000 ppm (w/w) in ethanol
(Chemco, Hortolândia, Brasil) and filtered using nylon membrane
(0.45 m). Deionized water and acetonitrile (HPLC grade, Scharlab,
Barcelona, Spain) were the mobile phases.
Table 3 presents the analytical conditions, considering that CA
and RA were detected in 284 nm and 328 nm, respectively. These
compounds were identified by comparing the retention indices of
the samples with that of standards: CA (C20H28O4 – CAS 3650-
09-7 – Sigma Aldrich, St. Louis, USA); and RA (C18H16O8 – CAS
20283-92-5 – Sigma Aldrich, St. Louis, USA). Quantification was
performed using external standard calibration curves.
4. Results and discussion
Table 4 shows the information referent to the rosemary char-
acterization and the operational data of the experiments carried
out on SFE-2 × 1 L and Speed units. X0 value was 5.13 ± 0.03 g
extract/100 g of rosemary (dry basis).
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Table 4
Rosemary characterization (±standard deviation) and operational data of the experiments.
dp × 103 (m) U (g/100 g) r (g/cm3) Total extract: Soxhlet (g/100 g)a
0.66 ± 0.01 9.4 ± 0.2 1.36 ± 0.01 27.6 ± 0.7
Operational data
SFE-2 × 1 L unit Speed unit
Exctrator E-1 E-2 E-3b
HB/DB (–) 7.1 2.7 1.2
V (L) 1 1 0.005
Rosemary (g) 476 ± 2 476 ± 2 2.4 ± 0.1
a (kg/m3) 0.48 ± 0.01 0.48 ± 0.01 0.48 ± 0.01
ε (–) 0.65 ± 0.01 0.65 ± 0.01 0.65 ± 0.01
S/F-1 (g CO2/g RM) 14.3 ± 0.1 14.3 ± 0.1 210 ± 1
S/F-2 (g CO2/g RM) 5.0 ± 0.1 5.0 ± 0.1 –
QCO2 (g/min)
d 17.3 ± 0.1 17.2 ± 0.1 2.20 ± 0.04c
u × 103 (m/min)d 6.1 ± 0.1 3.3 ± 0.1 6.98 ± 0.05c
QCO2 (g/min)
e 6.0 ± 0.1 6.0 ± 0.1 –
u × 103 (m/min)e 2.1 ± 0.1 1.2 ± 0.1 –
U, moisture; dp, mean diameter particle; r, true density of the particles; a, apparent density of the bed; ε, bed porosity; HB/DB, length to bed diameter ratio; V, bed volume;
S/F, solvent to mass feed ratio (S/F-1 and S/F-2 indicate the blocks); RM, raw material; QCO2 , CO2 mass flow; u, interstitial velocity.
a Calculation of the yield based on the raw material being completely dry (dry basis).
b Extractor vessel of Spe-ed unit.
c Extraction performed in S/F = 210 g CO2/g rosemary.
d Linked to S/F-1.
e Linked to S/F-2.
4.1. Yield of rosemary extract
Fig. 1 shows the kinetic curves presenting the averages and
standard deviation of Y in each bed (E-1 and E-2) for the two stud-
ied S/F ratios (S/F-1 and S/F-2). The kinetic curves were divided into
three periods: 1 – constant extraction rate period; 2 – falling extrac-
tion rate period, which represents the transition period wherein
both convection and diffusion in the solid matrix control the pro-
cess; 3 – diffusion-controlled rate period. The time where the first
line intercepts the second line represents tCER. In the same way, the
interception of the second and third lines represents tFER [32,35].
During the first part of the extraction, mass transfer is then
constant [36]. In spite of that, the effects of the process vari-
ables such as pressure, temperature and solvent flow rate (we can
also consider the variable bed geometry) on the yield as well as
on the chemical profile of the extract are not easily seen from
an OEC. Therefore, for first approximations, it would be interest-
ing to establish a simple procedure to analyze the effects of the
process variables, like that describing an OEC by a spline [32]. Sev-
eral studies reported the use of kinetic parameters such as tCER,
MCER, RCER and YCER to understand the behavior of the extraction
curves [2–4,21,24,25,31,37–44]. This description has been an effec-
tive approach used in this study to evaluate the differences of the
OEC’s between both bed geometries.
We verified difference in the extraction curves between the
beds by observing Fig. 1 and Table 5. We obtained MCER and
MFER for E-2 larger than for E-1 for both ratios of S/F: MCER for
S/F-1–E-1 was 0.24 ± 0.01 g extract/min, while MCER for S/F-1–E-
2 was 0.32 ± 0.01 g extract/min. Likewise, the relative yields for
the CER period for S/F-1 (higher solvent flow rate) were 41 ± 5 g
extract/100 g of extractable for E-1 and 51 ± 1 g extract/100 g of
extractable for E-2. Consequently, the amount of solubilized extract
in the solvent was higher in the extractions performed in E-2 than
that performed in E-1, as expressed by Table 5 (YCER and YFER). Thus,
considering both S/F ratios (S/F-1 and S/F-2), we observed differ-
ence between the bed geometries by comparing p-values for the
kinetic parameters, as seen in Table 6.
Evaluating briefly Fig. 1, it is possible to infer that using E-2
enables obtaining larger quantity of total extract at a determined
period of time. This difference is numerically confirmed by exam-
ining the difference on the kinetic parameters (Tables 5 and 6).
It is important to point out that the difference on the mass
transfer rates between E-1 and E-2 was even more pronounced
at S/F-2 ratio (6 g CO2/min), mainly involving RCER and RFER. For
instance, we obtained 67 ± 4 g extract/100 g of extractable and
36 ± 3 g extract/100 g of extractable for E-2 and E-1, respectively,
in the FER period. This indicated a significant difference (p-
value = 0.013). Furthermore, the responses suggest that the mass
transfer rates during CER period are 1.4–2.4-fold higher for E-2
compared to E-1.
The differences on the kinetic extraction curves (Fig. 1) are
linked to the phenomena occurring along the extraction pro-
cess. The vegetal matrix/solute/solvent system is composed of two
phases: one solid phase, which is the vegetal matrix from where
the solute is extracted; and one fluid (supercritical) phase, which is
the solvent containing the solubilized solute. As soon as the contact
between the phases exists, the transport of components occurs by
convection and dispersion in the fluid phase, mass transfer in the
solid–fluid interface and diffusion of the solute–solvent mixture in
the solid phase [36].
The cited phenomena are influenced by the fluid dynamic of
the flow and the fluid dynamic is influenced by the particles char-
acteristics as shape, size and distribution inside the bed. Brunner
[36] considers that the unsteady or non-stable dynamic flow and/or
non-uniform distribution of the solvent viscosity due to concentra-
tion gradients of solubilized solute might cause the axial dispersion
of the fluid phase, which tends to increase by increasing the extrac-
tor height. This fact explains why lower yields were obtained in
E-1. The behavior in E-1 is associated to the magnitude of the axial
dispersion of the fluid phase and to the presence of preferential
pathways inside the bed. Excessive compaction at specific points of
the bed tends to cause non-uniform distribution of porosity. Indeed,
obtaining large yields in E-2 can be linked to the presence of these
phenomena most likely small in E-2 than in E-1 for this raw mate-
rial. Zabot et al. [2] presented photographic images of bed slices in
equal axial positions of the extractors to accurately assess the bed
characteristics after extracting clove oil with SFE-CO2. The authors
found out that excessive compaction caused heterogeneous flow
and residual solute remained mainly in E-1.
The types of raw materials and the characteristics of solutes
contained in the vegetal matrices also influence the extraction pro-
cess. Dealing with clove (Eugenia caryophyllus) in the SFE-2 × 1 L
unit, Zabot et al. [2] demonstrated that the volatile oil (mainly
composed by eugenol, eugenyl acetate, -caryophyllene and -
humulene) is not complex and can be preferentially extracted at
the beginning of the process. Yields larger than 85 g of extract/100 g
Obtenção de Extrato de Alecrim – Capítulo 6 –
97
G.L. Zabot et al. / J. of Supercritical Fluids 94 (2014) 234–244 239
Fig. 1. Overall extraction curve for rosemary: (A) S/F-1 – 14.3 g CO2/g rosemary; (B) S/F-2 – 5.0 g CO2/g rosemary; () E-1; (©) E-2; (––) fitted data by the spline model using
the software SAS 9.2® .
of extractable are achieved applying S/F ≈ 2. It means that most of
the solute is rapidly accessible to the solvent and can be extracted
in the CER period. In such case, the differences on the kinetic
parameters (MCER, RCER, tCER and YCER) between the bed geometries
were less pronounced. Notwithstanding, dealing with rosemary we
evidenced the extraction of total extract slower than clove extract.
In this work, we needed S/F ratios higher than those of clove for
reaching a relative yield of 85 g of extract/100 g of extractable.
Therefore, the mass diffusion phenomena (period 3, Fig. 1) can-
not be neglected because it is still possible to obtain considerable
amount of extract.
Another aspect to mention, as Laurent et al. [45] detached, is
the indication of using HB/DB ratios near to 3 for raw materials
with small particles in the range of 0.4–0.8 mm that tend to swell
during the extraction. Using this information in our study, where
dp was 0.66 mm, we observed also influence of the average parti-
cle size on the final compaction for each bed. The bed geometry
E-2 (HB/DB = 2.7) was more appropriate for obtaining total rose-
mary extract, corroborating the information presented by Laurent
et al. [45]. Thus, the non-uniform porosity distributions in each bed
affected the solvent distributions on the porous matrix and caused
non-ideal flow patterns. This fact might have influenced the bed
depletion level of the solutes in E-1 and E-2.
Moving toward the solvent flow rate, we saw that changing
CO2 flow rate affects the mass ratio of solute and, consequently,
it influences the behavior of the extract yields. Rodrigues et al.
[44] measured the mass ratio of clove (E. caryophyllus) extracts in
pseudo-ternary systems (cellulosic structure + solute + CO2) in the
supercritical phase and reported that the mass ratios of solute var-
ied from 0.18 to 0.26 g extract/g of CO2 by a 4-fold increase in the
solvent flow rate, maintaining temperature and pressure constant
(10 ◦C and 66.7 bar). Thereby, the influence of the solvent flow rate
in this work was visible in the bed E-1, as showed in Fig. 2.
Although the average temperature was equal in both beds
(40 ◦C), the local temperatures were different in each bed due to
differences in the diameters and fluid flow patterns. The higher
temperature in the external surface of E-2 (because its internal
diameter is larger than that of E-1) could positively affect the mass
Table 5
Experimental (a) and estimated (b) data for obtaining rosemary extracts by SFE-CO2.
Run QCO2
a (g/min) Extractb CER (g) tCERb (min) RCERb (%) MCER × 104b (kg/min) YCERb (g ext/kg CO2) S/Fb,c CER
E-1 S/F-1 17.3 ± 0.1 9.0 ± 1.1 38 ± 5 41 ± 5 2.4 ± 0.1 13.7 ± 0.1 1.5 ± 0.2
E-2 S/F-1 17.2 ± 0.1 11.2 ± 0.1 35 ± 1 51 ± 1 3.2 ± 0.1 18.7 ± 0.5 1.4 ± 0.1
E-1 S/F-2 6.0 ± 0.1 4.4 ± 0.1 54 ± 4 20 ± 1 0.8 ± 0.1 13.7 ± 0.8 0.8 ± 0.1
E-2 S/F-2 6.0 ± 0.1 10.5 ± 0.7 69 ± 4 48 ± 3 1.5 ± 0.2 25.6 ± 3.1 1.0 ± 0.1
Run QCO2
a (g/min) Extractb FER (g) tFERb (min) RFERb (%) MFER × 104b (kg/min) YFERb (g ext/kg CO2) S/Fb FER
E-1 S/F-1 17.3 ± 0.1 14.9 ± 0.8 135 ± 1 68 ± 4 1.1 ± 0.1 6.4 ± 0.3 5.4 ± 0.1
E-2 S/F-1 17.2 ± 0.1 17.4 ± 0.4 113 ± 1 79 ± 2 1.5 ± 0.1 9.0 ± 0.3 4.5 ± 0.1
E-1 S/F-2 6.0 ± 0.1 8.0 ± 0.7 163 ± 5 36 ± 3 0.5 ± 0.1 8.1 ± 0.5 2.3 ± 0.1
E-2 S/F-2 6.0 ± 0.1 14.8 ± 0.8 167 ± 1 67 ± 4 0.9 ± 0.1 14.7 ± 0.8 2.3 ± 0.1
± Represents the standard deviation; QCO2, CO2 mass flow; tCER, end of the CER period; RCER, extraction yield at CER (% means g extract/100 g of extractable); MCER, mass
transfer rate at CER; YCER, mass ratio of solute in the fluid phase at the extractor vessel outlet at CER; tFER, end of the FER period; RFER, extraction yield at FER (% means g
extract/100 g of extractable); MFER, mass transfer rate at FER; YFER, mass ratio of solute in the fluid phase at the extractor vessel outlet at FER; ext: extract.
c Calculation of the S/F ratio based on the raw material being completely dry (dry basis).
Table 6
P-value for the kinetic parameters: comparison between E-1 and E-2 for each block (S/F-1 and S/F-2).
tCER tFER RCER RFER MCER MFER YCER YFER
S/F-1 0.482 0.002 0.119 0.066 0.005 0.018 0.005 0.015
S/F-2 0.055 0.302 0.006 0.013 0.033 0.009 0.035 0.010
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Fig. 2. Comparison of the OECs for rosemary obtained in the SFE-2 × 1 L unit: (A) E-1; (B) E-2; () 17.3 g CO2/min; () 6.0 g CO2/min; RM: raw material.
Fig. 3. Major volatile compounds obtained by SFE-CO2: () E-1; (©) E-2; (A) 17.3 g CO2/min; (B) 6.0 g CO2/min.
Fig. 4. Major volatile compounds of rosemary in the time-collected extract obtained by SFE-CO2: () E-1; (♦) E-2; (A) 17.3 g CO2/min; (B) 6.0 g CO2/min.
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Fig. 5. Average composition of minor volatile substances found in rosemary.
ratio of rosemary extract in supercritical CO2, most likely enabling
the extraction of higher amount of rosemary compounds in E-2
than in E-1 for a specific S/F ratio.
4.2. Obtaining volatile compounds
The influence of the bed geometry on the extraction kinet-
ics of the major compounds quantified in the rosemary extract
is exhibited in Fig. 3. This figure shows the kinetic behavior of
two compounds quantified by gas chromatography, 1,8-cineole and
camphor. The content of these oxygenated monoterpenes is plot-
ted in relationship to the quantity extracted from the raw material
by varying the S/F ratio.
The volatile compounds in Fig. 3 are rather extracted at the
beginning of the process. In the same way, there is difference in
composition of the extracts obtained in E-1 and E-2. Camphor and
1,8-cineole are practically depleted at S/F < 4 in E-2. However, the
depletion in E-1 is slower than E-2, bringing up the need of S/F ratios
higher than 4. Such behavior is linked to the OEC (Figs. 1 and 2):
the mass transfer rates are small for E-1 due to the influence of
the medium (bed geometry) on the intensity of driven forces that
act on transport phenomena. Thus, for S/F > 4 (Fig. 2), the accumu-
lated yields presented an increment larger for E-1 (slope for straight
line: tg ˛ = 0.13) than E-2 (slope for straight line: tg ˛ = 0.09). These
results indicate that the diffusional period has not been totally
reached yet, especially in E-1. By comparing Figs. 2 and 3 we under-
stand that the extension of the extraction can be finished in S/F = 2
whether the goal is to attain rosemary extracts rich in volatile sub-
stances, when the bed E-2 is used. Nonetheless, if the objective is
to obtain total extract, we need to continue the extraction in S/F
ratios up to 15. To understand it better, Fig. 4 shows the decreasing
profile of 1,8-cineole and camphor in the time-collected extract.
Fig. 5 shows the average content of minor volatile com-
pounds extracted from rosemary. Although the compositions of
Fig. 6. Carnosic acid content in the raw material (A), time-collected extract (B) and total accumulated extract (C) obtained by SFE-CO2: (—©—) S/F-1 – E-1; (––––) S/F-1 –
E-2; (––♦––) S/F-2 – E-1; (–– × ––) S/F-2 – E-2.
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Fig. 7. Accumulated volatile and non-volatile compounds in the extract (left) and raw material (right) extracted by supercritical technology and Soxhlet apparatus.
the extracts obtained during the kinetics are different between the
beds, it was possible to extract similar quantities of each one of
the eight compounds showed in Fig. 5 among the assays S/F-2–E-
2, S/F-2–E-1 and S/F-1–E-2. However, the assay S/F-1–E-1, which
corresponds the run with lower CO2 flow rate in the bed geom-
etry E-1, presented lower concentrations of trans-caryophyllene,
-terpineol, -pinene, borneol and camphene if comparing to the
other mentioned assays. This suggests that the S/F ratio used in
S/F-1–E-1 was insufficient for obtaining greater amount of these
compounds.
Nonetheless, the same S/F ratio was used in E-2 and the concen-
trations of these terpenes were larger. The identified compounds
in the rosemary extract are in agreement with the compounds
identified by Ibañez et al. [7] and Vicente et al. [8]. Limonene was
not detected in any sample. Only two volatile compounds were
identified in Soxhlet extract: 1,8-cineole (1.3 ± 0.2 g/100 g extract)
and camphor (0.5 ± 0.1 g/100 g extract). Therefore, supercritical
technology promotes the selectivity extraction of bioactive sub-
stances with higher concentration in the extracts when compared
to Soxhlet.
4.3. Obtaining non-volatile compounds
Differently of the volatile compounds profile, the content of
CA is raising during the extraction, as can be seen in Fig. 6.
Firstly, volatile compounds are extracted (Figs. 3 and 4); after-
wards there is the tendency of extracting non-volatile compounds.
It happens due to the selective capacity of the supercritical CO2
in solubilizing different classes of compounds through its affin-
ity with the solutes. García-Risco et al. [46] extracted rosemary
compounds using supercritical CO2 in a extractor vessel of 2 L
with HB/DB ratio of 5.5. The authors showed a complete removal
of volatile oil (preferentially composed by terpenes and oxy-
genated terpenes) from the raw material using S/F = 20 (5 h of
extraction). Likewise, the CA content in the extract was raising
during the process, reaching up to 140 mg/g of extract in S/F ≈ 18
(4.5 h of extraction). Rodríguez-Rojo et al. [47] also observed an
increase in the CA content along the time, even using ethanol and
some extraction methods: conventional, ultrasound-assisted and
microwave-assisted.
Looking at the graphics presented in Fig. 6, we conclude that
the CA quantities in the extracts are different. Graphic A means the
amount of CA obtained by SFE-CO2 expressed in relationship to the
mass of rosemary used for each extraction; graphic B describes the
amount of CA in each extract fraction; and graphic C shows the
amount of CA accumulated in the extract during the time. No dif-
ferences were observed for the composition plotted in A. However,
the profiles were different in B and C. In such cases, the CA content
is associated to the total extract content obtained in the kinetic
runs. There was the extraction of several compounds cited above
(Section 4.2).
Thus, the presence of more or less compounds, in different
quantities, changed the total mass of extract and, consequently,
the composition of CA in the extracts. Unlike the behavior
of volatile components, the accumulated content of CA in the
extracts was more pronounced on the assays performed in E-
1. In this bed, 46.7 ± 0.4 mg CA/g of accumulated extract was
reached in S/F = 5, while only 28.0 ± 1.2 mg CA/g of accumu-
lated extract was reached in E-2 using the same S/F ratio.
Then, the bed E-1 has been more suitable for obtaining CA,
and most likely other non-volatile compounds present in rose-
mary extract, such as carnosol, rosmanol and methyl carnosate
[34].
On the other hand, RA was not obtained in the experimental runs
with supercritical CO2, being obtained in the conventional extrac-
tion using ethanol. The explanation of this behavior is based on the
hydrophobicity of each compound. CA presents two OH groups
and one COOH group, becoming much more hydrophobic than
RA with four OH groups and one COOH group [47]. Therefore,
the solubility of RA is larger in ethanol than in supercritical CO2,
and the solubility of CA in supercritical CO2 is larger than that of
RA. One manner of obtaining RA is firstly extracting rosemary with
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Fig. 8. Comparison of the overall extraction curves for total extract and some identified compounds obtained in E-1 and E-2 maintaining S/F ratio constant for a given time
of extraction.
supercritical CO2 and, secondly, extracting RA with a proper sol-
vent, as ethanol [48].
4.4. Major volatile and non-volatile compounds identified in the
rosemary extracts
For comparison purposes, Fig. 7 presents the accumulated con-
centration of the major volatile and non-volatile compounds in
both extract and raw material. It is important to emphasize that RA
was extracted in Soxhlet apparatus, demonstrating compositions
of 8.4 ± 0.9 mg/g of accumulated extract and 2.2 ± 0.8 mg/g of rose-
mary. Moreover, the extracts from SFE-CO2 are about 18-fold more
concentrated in 1,8-cineole and camphor than those from Soxhlet
extraction using ethanol.
Rosemary extracts are composed of several compounds pre-
senting different affinities with supercritical CO2. As we can see
in Fig. 8, different proportions of the major identified compounds
are extracted during the time, influencing the slope of the curve
that represents the total extract and, consequently, the mass trans-
fer rates. For instance, the 1,8-cineole/CA ratios in E-1 for S/F of
1, 2 and 14 were 20, 16 and 5, respectively. In the same way,
the 1,8-cineole/CA ratios in E-2 for S/F of 1, 2 and 14 were 22, 17
and 6, respectively. It means that from S/F of 2 to 14 the content
of carnosic is increased, while the content of volatile substances
remains approximately constant. It is important to remember that
the total extract curve is still raising from S/F of 2 to 14, because,
in addition of extracting CA, there is the extraction of rosmanol,
carnosol isomers and methyl carnosate (compounds identified in
the extracts, but not quantified).
5. Conclusion
The course of rosemary compounds extraction and the yields
of extracts have been demonstrated to be influenced by the bed
geometry. Bed E-2 (HB/DB = 2.7) provided better kinetic results in
obtaining total extract and volatile substances, because the extrac-
tion rates in the beginning of the process have been higher. Bed
E-1 (HB/DB = 7.1) provided better results in obtaining extracts more
concentrated in non-volatile substances, most likely due to the
lower extraction of volatile compounds when compared with E-2.
These differences between the beds are linked to the mass and heat
transport phenomena occurring in each bed. The characteristics of
the raw material, the complexity of the solutes, the solvent flow
path and the gradient of temperature inside the beds influenced
these phenomena.
Although the average temperature was equal in both beds
(40 ◦C), the local temperatures were different in each bed. The
higher temperature in the external surface of E-2 could positively
interfere in the mass ratio of rosemary extract in supercritical CO2.
We obtained YCER equal to 13.7 g of extract/kg of CO2 and 25.6 g
of extract/kg of CO2 for E-1 and E-2, respectively, even though the
variables of process (i.e., pressure, average bed temperature, CO2
flow rate, mean particle diameter, bed porosity) were maintained
equal for both bed geometries.
Thus, we conclude that the criterion adopted for bed geometry
shift and scale up (maintaining a constant S/F ratio for a defined
time of extraction) does not meet the needs for applying SFE from
rosemary in larger scales. Further systematic studies are necessary
for establishing a suitable criterion that can be used to obtain sim-
ilar extraction curves, among beds with different geometries, for
this kind of raw material.
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1) Applying process intensification enabled obtaining two fractions of rosemary 
compounds; 
2) SFE + PWE sequential processes allowed 28% reduction in annual cost when compared 
with SFE; 
3) Bed geometry influences the extractions yields and manufacturing costs; 
4) We present kinetic compositions of terpenoids and phenolic compounds. 
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This paper brings forward techno-economic results of a study developed with rosemary. 
Process intensification was applied for obtaining two fractions of bioactive compounds: volatile 
oil and non-volatile extract. Terpenoids as 1,8-cineole and camphor were obtained by 
supercritical CO2 extraction (SFE-CO2). Afterwards, phenolic compounds as rosmarinic acid 
and carnosic acid were obtained by pressurized water extraction (PWE). We performed SFE-
CO2 and PWE in the same multipurpose equipment without unloading the bed. Extraction 
yields and composition of each extract fraction were evaluated. We obtained approximately 
2.5 wt.% of volatile oil at 40°C, 30 MPa and solvent mass to feed mass (S/F) ratio of 
2.5 g CO2/g rosemary. Likewise, we obtained approximately 18.6 wt.% of non-volatile extract 
at continuous temperature increase of 1.1°C/min (from 40°C to 172°C), 10 MPa and S/F ratio 
of 9.5 g water/g rosemary. We simulated costs of manufacturing of extracts obtained by SFE-
CO2 in three productive plants containing 2 vessels of 10 L, 50 L and 100 L. The influence of 
bed geometry was considered into the simulation model, whereas the bed height (HB) to bed 
diameter (DB) ratios were: HB1/DB1 = 7.1 and HB2/DB2 = 2.7. We simulated the productivity of 
extracts and operating costs of an industrial plant containing 2 vessels of 100 L using the 
process intensification performed in this paper (SFE-CO2 + PWE). The proposal is promising 
and can encourage industrial application, because the higher use of the vegetal matrix for 
obtaining diversified bioactive compounds can reduce in 28% the annual production costs of 
SFE-CO2 + PWE processes whether comparing with SFE-CO2 process alone. 
Keywords: Rosmarinus officinalis, cost of manufacturing, supercritical fluid extraction, pressurized 
liquid extraction, rosmarinic acid, bed geometry.  




Perspectives and future trends about production processes are indicating new 
strategies for reducing expenses (energetic, time, reprocess, etc.) without affecting the 
products quality. One of these strategies is the process intensification: a systematic 
organization to optimize the energy use, capital or other benefits through the development 
of efficient techno-economically systems. Stankiewicz and Moulijn (2000) qualify as 
process intensification taking some initiatives as: increase in the production capacity within 
a given equipment volume, a step decrease in energy consumption per ton of product and a 
reduction or even a marked cut in residues formation. 
Process intensification differs from process integration. In the first case, the same 
multipurpose equipment is used for different unit operations. In the second case, the best 
process for obtaining each product is searched, where different equipment is commonly 
used. Choosing between integration or intensification depends on the raw material and the 
desired products for attaining (Moraes et al., 2014). Process intensification is being applied 
in several areas, as in biodiesel production (Lim and Lee, 2013), continuous starch 
hydrolysis (Masuda et al., 2013) and production of substances presenting medicinal 
properties (Damen et al., 2009). With respect to rosemary leaves, process intensification 
seems to be suitable, because the vegetal matrix contains volatile oil (Laborda et al., 2013; 
Zabot et al., 2014a) and non-volatile extract, as phenolic acids and flavonoids (Jordán et al., 
2013). 
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Compounds extracted from rosemary leaves present pharmacological and medicinal 
properties as antimicrobial and anticancer activities (Barreto et al., 2014; Ngo et al., 2011; 
Valdés et al., 2013), in addition to the antioxidant activity (Santana-Méridas et al., 2014). 
Rosemary volatile oil containing 1,8-cineole and camphor can be extracted with 
supercritical CO2 (Carvalho et al., 2005), while phenolic compounds as rosmarinic acid and 
carnosic acid are rather extracted with more polar solvents, as water (Ibañez et al., 2003; 
Rodríguez-Rojo et al., 2012). Such phenolic diterpenes have been studied because they 
present high antioxidant activities (Erkan et al., 2008). 
Some researches focus on evaluating separately the processes for obtaining each 
rosemary fraction (volatile and non-volatile), that is, performing each process in different 
equipment (Zibetti et al., 2013). For instance, a combination of extraction processes with 
supercritical CO2, ethanol and water was developed for obtaining polyphenols from 
Baccharis dracunculifolia (local name in Brazil: “alecrim-do-campo”) (Martinez-Correa et 
al., 2012). Then, aiming to apply the process intensification, a feasible route for 
manufacturing rosemary leaves can be the supercritical fluid extraction (SFE) of terpenoids 
and, thereafter, the direct use of the co-product from SFE as a source of other bioactive 
compounds to be obtained by pressurized water extraction (PWE). This route can increase 
the extraction of functional substances and can afford additional profit to the production 
line. 
A technical study of a certain productive process should be accompanied by an 
economic study, always seeking an industrial application. In this context, the process 
intensification (SFE + PWE) for sequential extractions of both rosemary fractions also 
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needs to be evaluated with relationship to the cost of manufacturing (COM) and annual 
operating costs for each productive plant capacity. In many cases, COM is mostly 
influenced by the cost of acquiring raw materials. Some studies report that raw materials 
can represent up to 80% of COM when performing processes involving supercritical 
technology (Albuquerque and Meireles, 2012; Moncada et al., 2014). Thus, this kind of 
process intensification can bring forward promising results, because the co-product used in 
PWE step is a zero cost raw material, which may give attractive COM’s in the industrial 
viewpoint. 
Rosemary volatile oil containing up to 50% of 1,8-cineole was obtained with 
supercritical CO2 (Zabot et al., 2014a). However, rosmarinic acid was not identified in the 
extracts obtained by this technique. Then, the objective of this paper consisted in applying 
the process intensification for obtaining terpenoids and phenolic compounds from 
rosemary, highlighting the extraction of rosmarinic acid. Two sequential extraction 
processes were performed in the same equipment: (1) SFE with CO2 and, afterwards, (2) 
PWE without unloading and without a thorough depressurization of the bed. We evaluated 
the feasibility of this proposal in terms of extraction yields, extracts compositions, COM’s, 
productivities of extracts and operating costs. Furthermore, we simulated the values of 
COM’s of rosemary volatile oil obtained by Zabot et al. (2014a) considering two 
geometries with different bed height (HB) to bed diameter (DB) ratios: HB1/DB1 = 7.1 and 
HB2/DB2 = 2.7. 
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2 MATERIAL AND METHODS 
2.1 Material 
Rosemary (Rosmarinus officinalis) leaves were acquired from the Local Market of 
Campinas, Brazil. The raw material used in this study was prepared and characterized: 
moisture content (U = 9.4 ± 0.2 g/100 g rosemary); true density (ρt = 1.36 ± 0.01 g/cm
3
); 
and average particle diameter (dp = 0.66 ± 0.01 mm). The characterization procedures were 
described by Zabot et al. (2014a). CO2 (99.0% purity, Air Liquide, Campinas, Brazil) and 
ultra-pure water supplied by a Milli-Q Advantage water purifier system (Millipore, 
Bedford, EUA) were the solvents used in the experimentation. 
2.2 Simulation of the COM and operating costs 
2.2.1 Process simulation model 
SuperPro Designer 8.5
®
 (Intelligen Inc., Scotch Plains, NJ, USA) was the simulator 
used for estimating the COM’s of extracts obtained in this paper and the COM’s of extracts 
obtained by Zabot et al. (2014a). Figure 1 shows the process simulation model of COM’s of 
extracts obtained using SFE and SFE + PWE processes. The behavior of the extraction 
curves in higher scales, in terms of relative extraction yields, were assumed to keep the 
same performance as the extraction curves obtained in laboratory scale. Data of extraction 
yields achieved in fixed operating conditions, as temperature, pressure, apparent density, 
porosity, average particle diameter and solvent mass to feed mass (S/F) ratio for an 
extraction time, were used as input data for the model. 
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2.2.2 Parameters for economic evaluation 
Generally, equipment purchase cost for one or two discrete sizes are available. 
However, costs for different equipment sizes or capacities must be estimated. In such cases, 
the power law (Eq. (1)) can be an alternative (Smith, 2005) for cost estimating, where: CE is 
the equipment cost with capacity Q; CB is the known base cost for equipment with capacity 
QB; and M is the constant depending on equipment type, because the cost of a specific item 
of equipment is a function of size, materials of construction, design pressure and design 
temperature. Values of M were gathered on literature (Perry and Green, 1997; Peters and 
Timmerhaus, 1991; Smith, 2005; Turton et al., 2009). Tables 1 and 2 present the 
procedures description of each item that composes the flow sheet (Figure 1) of SFE and 
SFE + PWE processes, respectively. Table 3 shows the base costs acquired in 2014 (local 











The COM of natural products depends on some partial costs, such as direct 
manufacturing costs (DMC’s), fixed manufacturing costs (FMC’s) and general expenses 
(GE’s). DMC’s are operating costs depending on the production rate, as raw materials, 
supplies, utilities, operators and other operating costs. FMC’s are independent of variations 
in the production rate. FMC’s include taxes on the land, insurance and depreciation of 
equipment, which are assumed even that the plant is not operating. GE’s are costs needed 
for running the business. Management costs, sales, finance and research & development are 
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included in this category (Turton et al., 2009). Considering these aspects, Table 4 brings up 
important information about the simulation of COM’s using SuperPro Designer 8.5
®
. 
Capital costs linked to buildings and equipment, and other costs as storage of raw materials 
and extracts, instrumentation, electrical facilities, engineering and management fees were 
estimated for each production capacity by using the cost tool in the simulator. 
The cost of residue treatment was neglected, because the solid material known as 
co-product could be used as raw material for other processes (this is the case of PWE, when 
only SFE is performed). The co-product could be also used for energy generation through 
several approaches to biomass conversion (Prado et al., 2014a) or used as a source of 
nutrients for various agricultures, improving soil structure and water-holding capacity 
(Odlare et al., 2011). About water removal and purification processes, there are several 
industrial operations for drying and refining aqueous extracts. Selecting a specific operation 
for separating water from extract obtained by PWE step (freeze-drying, as used in the 
experimental part of this paper) could not represent the best operation industrially suitable. 
Furthermore, some industrial applications, as in the pharmaceutical area, use aqueous 
extracts. Then, the cost of separating water from extract was not considered in the 
simulation model. 
The annual operating time was considered as 7,920 h, which corresponds to 
330 days per year of continuous 24 h per day shifts (Rosa and Meireles, 2005). 
Depreciation (10%) and maintenance of equipment (6%) rates were taken into account 
(Peters and Timmerhaus, 1991). The number of operators needed to operate the productive 
plant was considered according to the plant size. Some studies report 1 to 3 operators for 
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vessels’ capacities ranging from 5 L to 500 L (Prado et al., 2014b; Veggi et al., 2014). 
Supervisory and administrative costs as well as labor benefits were estimated by the 
simulator, taking the base salary as a reference. The cost of raw material included the 
acquisition, transport and preparation costs of rosemary leaves. The cost of acquiring CO2 
included the CO2 lost during the extraction vessel decompression step and the CO2 that 
remains dissolved in the extract after the separation step, which was experimentally 
estimated approximately 2 wt.% (Takeuchi et al., 2008). The cost of utilities is due to the 
energy consumption involved in the heat exchangers (cooling and heating) and the 
electricity consumed during the process. This cost was estimated by the energy balance of 
the simulator. 
Figure 2 presents the Gantt chart (a bar chart to illustrate the star and finish of an 
operation) for SFE and SFE + PWE processes, considering an extraction plant containing 
2 vessels of 100 L. Processing times, mainly in the extraction operation, were established 
based on an S/F ratio of 2.5 g CO2/g rosemary. This S/F ratio enables higher productivity of 
extract and lower COM. Pressurization-SFE-E1 or pressurization-SFE-E2 (Figure 2) 
comprised the operation of charging the rosemary into the vessel and pressurizing the bed. 
For a 10-fold increase in the production capacity, the processing times (PST) for 
pressurization, depressurization and discharging were increased of 50%. This percent 
increase was based on the knowledge acquired by developing the experimental part of this 
paper and also based on the results of other studies conducted by our research group during 
30 years. 
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2.3 Process intensification: SFE + PWE procedure 
SFE-I equipment presented in Zabot et al. (2014b) was used. The extraction vessel 
of height to bed diameter ratio (HB/DB) of 12 was filled completely with 175 g of rosemary 
(158 g, dry basis). For SFE step, temperature and pressure were maintained equal to 40°C 
and 30 MPa, respectively (Carvalho et al., 2005). CO2 flow rate was defined as 6.6 g/min, 
according to information presented by Zabot et al. (2014a). CO2 was supplied using a 
pneumatic pump (Maximator, M-111L, Nordhausen, Germany). Maintaining the S/F ratio 
constant during a fixed extraction time was the criterion used for bed geometry shift and 
scale up (Zabot et al., 2014c). 
PWE step was performed in the same equipment (SFE-I) of SFE step, starting 
immediately after obtaining extracts with high amount of volatile compounds by SFE, 
without a complete bed depressurization after SFE step. PWE step was started when the 
CO2 input stream in the extraction vessel was closed and water input stream was opened by 
using block valves, as seen in Figure 3. For PWE step, pressure and water flow rate were 
maintained at 10 MPa and 10 g/min, respectively. Water was pumped using a HPLC pump 
(Thermoseparation Products, Model 3200, Fremont, USA). Temperature was increased 
from 40°C to 172°C at 1.1°C/min. 
Extract collection in the process intensification (SFE + PWE) was performed during 
the processing time. After exiting the bed, both mixtures of CO2 + extract and water + 
extract were submitted to an expansion through a temperature-controlled micrometering 
needle valve. The experimental run was accomplished in duplicate, wherein 5 samples and 
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25 samples were collected in 100 mL semi-transparent glass flasks for SFE and PWE steps, 
respectively. 
The water content in aqueous extracts was removed by freeze-dryer (Liotop L101, 
Liobrás, São Carlos, Brazil). The absolute extraction yields were calculated as the ratio of 
total extract obtained in the extraction and the amount of raw material loaded into the 
vessel. The relative extraction yields for SFE step were calculated as the ratio of total 
extract obtained in the extraction and the amount of extractable material. “Extractable 
material”, in this case, means the amount of extract obtained at S/F = 210 g CO2/g 
rosemary, 40°C and 30 MPa (Zabot et al., 2014a). 
2.4 Determining bioactive compounds found in rosemary 
Compositions of volatile substances present in the rosemary extracts were 
determined using gas chromatography with flame ionization detector (GC-FID; Shimadzu, 
CG17A, Kyoto, Japan) equipped with a capillary column of fused silica (DB-5, J&W 
Scientific, 30 m × 0.25 mm × 0.25 μm, Folsom, USA). Chemical analysis, based on Ibañez 
et al. (1999) and described by Zabot et al. (2014a), consisted of injecting 3 μL of each 
sample diluted to 500 ppm (w/w) in acetone (Êxodo Científica, Hortolândia, Brazil) and 
filtered using nylon membrane (0.45 μm). Sample split ratio was 1:20 and the carrier gas 
(Helium, 99.9% purity, White Martins, Campinas, Brazil) flowed at 0.79 mL/min. Injector 
and detector temperatures were 220°C and 280°C, respectively. Column was maintained at 
40°C during 10 min, thereafter was heated from 40°C to 200°C at 4°C/min and was 
suddenly heated from 200°C to 280°C at 40°C/min. Temperature of 280°C was maintained 
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during 5 min. Volatile compounds present in the rosemary extracts were identified by 
comparing the retention indices of samples with the retention indices of standards. 
Compositions of non-volatile substances present in the rosemary extracts were 
determined using high-performance liquid chromatography (HPLC), following the 
methodology described by Zabot et al. (2014d). Chromatographic analyses were carried out 
using the HPLC-PDA (Waters, Alliance E2695, Milford, USA) system, consisting of a 
separation module with an integrated column heater, an autosampler and a photodiode array 
(PDA) detector. Separation of compounds was carried out on fused-core type column 
(Kinetex, C18, 100 mm × 4.6 mm × 2.6 μm; Phenomenex, Torrance, USA). An aliquot of 
10 μL of each sample diluted to 5,000 ppm (w/w) in ethanol (Chemco, Hortolândia, Brazil) 
and filtered using nylon membrane (0.45 μm) was injected. Ultra-pure water (A) and 
acetonitrile (B –HPLC grade, Scharlab, Barcelona, Spain) with 0.1% (v/v) of acetic acid 
were the solvents for the mobile phase. The column was maintained at 55°C, and the 
following volumetric gradient was used: beginning – 85% of A; 1.5 min – 75% of A; 
2.5  min – 40% of A; 3.5 min – 40% of A; 5.0 min – 10% of A; 7.0 min – 10% of A. The 
mobile phase (A + B) flow rate was maintained at 2.5 mL/min and a re-equilibration period 
of 3 min between each analytical run was used. Detector wavelength range was 200 – 
400 nm. Rosmarinic acid and carnosic acid were detected in 328 nm and 284 nm, 
respectively. Quantification of these compounds was performed using external standard 
calibration curves. 
Rosmanol, carnosol and methyl carnosate were identified on an ultra-performance 
liquid chromatography coupled with mass spectrometry (UPLC-MS, Waters, Milford, 
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USA) system with a single quadrupole mass detector. A column composed of totally porous 
particles (Acquity, UPLC BEH C18, 1.7 mm × 2.1 mm × 50 mm, Waters, Milford, USA) 
was used. The same mobile phase and gradient defined in the HPLC-PDA system were 
used in the UPLC-MS system. Column temperature was 55°C and the mobile phase 
(eluents A and B) flow rate was 0.8 mL/min. The compounds separated by negative 
ionization [M–H]
–
 were evaluated by comparing the UV spectra with the mass to charge 
ratio (m/z) obtained by using the selected ion monitoring (SIM) technique. Rosmanol, 
carnosol and methyl carnosate were quantified in terms of carnosic acid equivalent (CAE). 
3 RESULTS AND DISCUSSION 
3.1 COM: results for SFE process in different scales 
Initially, we performed the simulation of COM throughout the extraction kinetics 
developed in laboratorial plant containing 2 vessels of 1 L. For this simulation, the results 
of relative extraction yields on each bed were obtained from Zabot et al. (2014a). Figure 4 
shows the results of COM and productivity of extract for two HB/DB ratios: (E-1) 
HB/DB = 7.1 and (E-2) HB/DB = 2.7. The behavior of COM displayed in Figure 4 is well-
known in bioactive compounds extraction processes using supercritical technology 
(Albuquerque and Meireles, 2012; Mezzomo et al., 2011; Núñez and del Valle, 2014; 
Osorio-Tobón et al., 2014; Rosa and Meireles, 2005), whereas the range of lower COM is 
located close to the end of the constant extraction rate period (Meireles, 2008). 
A range of S/F ratio (from 1 to 3 g CO2/g rosemary) is seem where the highest 
productivities and the lowest COM’s (Figure 4) are achieved for the laboratorial scale 
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evaluated. Most of volatile compounds found in rosemary extract, such as 70-90% of 1,8-
cineole and 69-89% of camphor, are obtained in this range. COM’s of US$ 1.05/g extract 
and US$ 0.80/g extract were simulated for E-1 and E-2, respectively, at S/F ratio of 
2.5 g CO2/g rosemary. The productivities were 84.3 kg extract/year for E-1 and 
109.1 kg extract/year for E-2. 
Based on these results, the S/F ratio of 2.5 g CO2/g rosemary was selected for 
simulating the COM’s in larger scales: extractions vessels of 10 L, 50 L and 100 L. The 
extraction time was 60 min on each productive capacity, because this was the time 
corresponding to S/F ratio of 2.5 g CO2/g rosemary (according to the experimental data). 
CO2 flow rates on each size (10 L, 50 L and 100 L) were equal to 0.18, 0.90 and 1.80 
kg/min, respectively. Relative extraction yields in this S/F ratio were 47.6 g/100 g 
extractable in E-1 and 61.6 g/100 g extractable in E-2. The “extractable material” value was 
5.13±0.03 g extract/100 g rosemary (dry basis). 
Figure 5 presents the results for SFE process simulation in larger scales. The 
COM’s of rosemary extract (rich in volatile compounds) decreases approximately 29% 
while increasing the plant capacity from 10 L to 100 L. In this case, the COM decreases 
from US$ 515.00/kg extract to US$ 368.00/kg extract and the productivity rises from 76 kg 
extract/month to 760 kg extract/month, when considering a plant composed of 2 extraction 
vessels with bed geometries like E-1. Likewise, the COM decreases from US$ 396.00/kg 
extract to US$ 283.00/kg extract and the productivity rises from 98 kg extract/month to 
980 kg extract/month, when considering a plant composed of 2 extraction vessels with bed 
geometries like E-2. 
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Differences on COM’s and productivities of extracts between both bed geometries 
studied are mostly found to be linked to the input data for the simulation, with respect to 
extraction yields: 47.6 wt.% for E-1 and 61.6 wt.% for E-2. Furthermore, slight differences 
in total costs of investments (TCI’s) on both bed geometries also contribute for differences 
on COM’s and productivities of extracts. For instance, TCI’s were US$ 1,668,000.00 for E-
1 and US$ 1,605,000.00 for E-2, considering a plant with 2 extraction vessels of 100 L 
(Figure 5A). TCI’s values were estimated by SuperPro Designer 8.5
®
 taking into account 
input data presented in Table 4. According to this table, the estimated costs for industrial 
SFE + PWE plants are slightly higher when 2 extraction vessels like E-1 (HB/DB = 7.1) are 
used, once the bed geometry influences the constructions costs through the change in wall 
thickness (quoted values shown in Table 3). 
Differences on COM’s and productivities of extracts among the three plant sizes 
simulated are associated with the partial costs and the volume of raw material processed per 
shift. For a 10-fold increase in the extraction vessels volume, the raw material processed 
and the productivity also increase 10 times, but the cost of the equipment only increases 
5 times (Table 4). In larger sizes, equipment expenses are proportionally lower in 
relationship to the extract obtained, that is, the partial cost of fixed investment is reduced. 
Figure 5B presents the main partial costs that contribute to changing the COM, which are: 
raw material (i. e., rosemary and CO2), fixed investment (i. e., construction and industrial 
equipment), labor and utilities (i. e., energetic expenses). Costs linked to raw material and 
utilities proportionally increased with the productive capacity increase. However, percent 
contributions of fixed investment and labor diminished with the productive capacity 
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increase, justifying the feasibility of processes in larger sizes. We found this behavior in 
other simulation studies, where the authors presented COM’s of extracts obtained by SFE 
(Albuquerque and Meireles, 2012; Cavalcanti et al., 2012; Comim et al., 2010; Osorio-
Tobón et al., 2014; Veggi et al., 2014). Thus, the capital cost cannot be always treated as 
the main factor responsible for dictating COM’s of products obtained by supercritical 
technology, because the cost of raw material can represent up to 80% of COM 
(Albuquerque and Meireles, 2012). 
Applications of SFE in larger scales enable achieving lower COM’s, besides that the 
use of supercritical technology in extraction processes allows obtaining extracts with 
excellent quality and high added-value. Although COM’s of natural extracts can range 
enough (from US$ 3.00/kg to US$ 5,000.00/kg, for instance) (Prado et al., 2010; Veggi et 
al., 2014), producing extract derivatives with high-added value might be attractive, because 
the society is increasingly demanding natural products in place of synthetic ones. 
Furthermore, considering the results of extracts composition obtained in the SFE-2×1L 
(Zabot et al., 2014a) and SFE-I (this paper) equipment, all of them obtained at 40°C, 
30 MPa and S/F = 2.5 g CO2/g rosemary, 1 kg of extract could contain: 350-375 g of 1,8-
cineole; 100-115 g of camphor; 35-36 g of trans-caryophyllene; 16-33 g of α-pinene; 30-
32 g of α-terpineol; 20-24 g of borneol; 5-10 g of camphene; 3-5 g of p-cimene; 2-3 g of 
linalool; and 2-3 g of terpinen-4-ol, among others. This composition is attractive for food, 
chemical and pharmaceutical industries, because the bioactive compounds present 
functional properties as antioxidant (Chen et al., 2014; Moñino et al., 2008), antimicrobial 
(Barreto et al., 2014; Silva et al., 2013) and anticancer (Valdés et al., 2013) activities. 
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Generally, raw materials used in SFE process are regional (no commodities) and 
farmed in small or medium quantities. Thus, manufacturing plants with too big capacity are 
not mandatorily needed. It is recommendable to start with extraction vessels of medium 
size (10-100 L) and, thereafter, increase the capacity by adding more vessels to the plant, as 
necessary. Based on this context, the productivities shown in Figure 5 were monthly 
considered, because the period around the rosemary crop can be taken to process it for 
obtaining extracts. A rosemary content of 31,340 kg can be manufactured per month using 
an industrial plant containing 2 extractors of 100 L. The plant might be used, in the other 
months, to manufacture extracts from other vegetal sources, as annatto (Albuquerque and 
Meireles, 2012), jabuticaba (Santos et al., 2012), spearmint (Mezzomo et al., 2011) and 
sweet basil (Leal et al., 2008), among others. The use of diversified raw materials 
reinforces the characteristic of this simulated industrial plant: being multipurpose. Several 
solid matrices can be processed aiming to obtaining a wide range of bioactive compounds. 
3.2 Process intensification: experimental section 
According to some studies, supercritical CO2 extraction (SFE-CO2) from rosemary 
enables obtaining some terpenoids (Ibáñez et al., 1999; Zabot et al., 2014a), while phenolic 
compounds as rosmarinic acid and carnosic acid are rather extracted from rosemary using 
solvents with polar affinities (Ibañez et al., 2003; Zibetti et al., 2013). Based on this aspect, 
the process intensification studied in this paper involves obtaining the fraction containing 
volatile compounds using SFE-CO2 plus the fraction containing phenolic compounds using 
PWE. For rosemary, SFE process is favorable to perform by ending the extraction at S/F 
ratios in the range 1-3 g CO2/g rosemary (in terms of extracts composition, productivities 
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and COM’s profiles, as presented into Section 3.1, Figure 4). Then, the S/F ratio of 2.5 g 
CO2/g rosemary (dry basis) was selected as the best S/F ratio for ending SFE process and 
immediately starting PWE process. We could obtain a volatile extract fraction containing 
approximately 36 wt.% of 1,8-cineole and 10 wt.% of camphor (Table 5) at S/F ratio of 
2.5 g CO2/g rosemary by maintaining the bed apparent density and bed porosity equal to 
0.48 g/cm
3
 and 0.65, respectively. 
Ibañez et al. (2003) performed the extraction of phenolic compounds from rosemary 
using subcritical water. Experimental runs were developed by gradually increasing the 
process temperature and maintaining it on each three level for 15 min: 100°C, 150°C and 
200°C. The authors observed a huge rise in the amount of carnosic acid, as well as the 
antioxidant activities of the extracts remained constant at the highest level obtained in the 
study. Then, we performed the step of extracting compounds with pressurized water in the 
SFE + PWE processes by gradually increasing the temperature at 1.1°C/min. Figure 6 
shows the temperature profiles and yields for both extract fractions (volatile and non-
volatile) obtained applying the process intensification. 
Looking at Figure 6, the yield of the volatile fraction obtained by SFE was 
approximately 2.5 g/100 g rosemary at S/F = 2.5 g CO2/g rosemary and temperature 
constant of 40°C. We used SFE-I equipment (Zabot et al., 2014b) for performing process 
intensification, where the extraction vessel presents a HB/DB ratio of 12. As discussed in 
previous studies (Zabot et al., 2014a; Zabot et al., 2014c), the bed geometry influences the 
kinetics of bioactive compounds extraction. Using an extraction vessel of HB/DB ratio equal 
to 2.7, authors (Zabot et al., 2014a) obtained 3.2 ± 0.1 g extract/100 g rosemary at 
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S/F = 2.5 g CO2/g rosemary by using the same conditions applied in this paper: CO2 at 
40°C and 30 MPa, average particle diameter of 0.66 ± 0.01 mm, bed apparent density of 
0.48 g/cm
3
 and bed porosity of 0.65. The extraction yield obtained in HB/DB ratio of 12 was 
lower when compared with that obtained in HB/DB ratio of 2.7. Differences were associated 
with the fluid dynamic of the solvent flow. Non-stable flow and/or non-uniform distribution 
of the solvent viscosity due to concentrations of solubilized solute can cause the axial 
dispersion of the fluid phase, which tends to rise by increasing the bed height (Brunner, 
1994). The phenomena occurring along the extraction process might have delayed the bed 
depletion level of the solutes in the SFE step. However, the main goal of this paper is to 
show the possibility of performing process intensification to sequentially extract two 
fractions of rosemary compounds: terpenoids and phenolic terpenes, which positive results 
were attained. Also, the residue material after SFE + PWE processes was 19 wt.% lower 
than the residue material after SFE process alone. Further studies will be developed to 
optimize variables like bed geometry to improve the extraction yields for both SFE and 
PWE steps. 
According to Figure 6, the yield of the non-volatile fraction containing phenolic 
compounds was approximately 18.6 g/100 g rosemary at S/F = 9.5 g water/g rosemary 
(initial mass of rosemary, dry basis) and temperature increase of 1.1°C/min (from 40°C to 
172°C). As a polar fluid, water normally extracts more polar compounds more readily than 
nonpolar compounds. Increasing temperature reduces the polarity of water, thus increasing 
its ability to solvate nonpolar compounds (Ibañez et al., 2003). This was the behavior 
observed when performing this study. Rosmarinic acid, which presents 4 –OH groups and 1 
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–COOH group, was rather extracted at the beginning of the PWE step (Figure 7), when the 
extraction temperatures were lower than 100 C. But the other phenolic terpenes presenting 
2 –OH groups (Zabot et al., 2014d), as carnosol, rosmanol, carnosic acid and methyl 
carnosate were rather extracted in higher temperatures, a tendency verified in higher S/F 
ratios (Figure 8). 
As mentioned, rosmarinic acid contains several biological and pharmacological 
activities (Costa et al., 2013; Petersen, 2013; Ren et al., 2009). Such compound is found in 
rosemary leaves, but it is not extracted with supercritical CO2 (Zabot et al., 2014a). 
Therefore, the process intensification performed in this paper uses a co-product from SFE 
step as a source of rosmarinic acid, as well as other phenolic compounds, to be extracted 
using PWE (Figure 8). The highlight of this process intensification (SFE + PWE) stands for 
reusing the raw material for obtaining both fractions with distinct characteristics: one 
containing mostly terpenoids (Table 5) and other containing mostly phenolic compounds. 
The procedure consists of using the same multipurpose equipment to perform sequential 
extractions by SFE and PWE without unloading the bed and without a complete 
depressurization when changing the steps. In this case, the raw material in the PWE step 
can be considered of zero cost, being an attractive factor in the economic viewpoint. Thus, 
the evaluation of COM’s (operating cost/productivity) and operating costs was carried out 
to verify the viability of the proposed process intensification (SFE + PWE), as presented 
and discussed in Section 3.3. 
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3.3 Process intensification: COM’s and operating costs  
Initially, we simulated COM’s of extracts obtained along the time in the process 
intensification considering a laboratorial plant containing 2 extraction vessels of 1 L. The 
experimental results from Section 3.2 and the information described in Table 3 were used 
as input data for simulations in SuperPro Designer 8.5
®
. The COM’s profile in PWE step 
were as follows: first, the COM’s increased up to S/F ratio of 1.5 g water/g initial mass of 
rosemary (approximately 50°C); thereafter, the COM’s decreased up to S/F ratio of 
6.6 g water/g initial mass of rosemary (approximately 145°C); from this S/F ratio up to S/F 
ratio of 9.5 g water/g initial mass of rosemary the COM’s remained constant at the lowest 
absolute value. Based on this profile, the S/F ratio of 6.6 g water/g initial mass of rosemary 
was chosen as the suitable ratio for obtaining non-volatile extract using PWE. Thus, the 
simulation of COM’s of extracts in higher scales was developed considering a productive 
plant containing 2 extraction vessels of 100 L. This capacity, among those tested in Section 
3.1, was the more appropriate for producing rosemary extracts with the lowest COM’s. In 
such case, 40°C, 30 MPa and S/F = 2.5 g CO2/g rosemary (60 min) was the condition for 
SFE step; 10 MPa and S/F = 6.6 g water/g initial mass of rosemary (60 min) was the 
condition for PWE step. During the PWE step, temperature was set in SuperPro Designer 
8.5
®
 to vary linearly with time. According to Figure 6, temperature approximately ranged 
from 40°C to 148°C until S/F = 6.6 g water/g initial mass of rosemary. 
Figure 9 presents the results of the simulation considering 2 scenarios: (1) only the 
SFE process and (2) the SFE + PWE processes. The goal of simulating both scenarios in 
this paper was based on presenting the differences of operating costs and productivities of 
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each extract fraction. We presented the operating costs instead of COM’s (Figure 9) 
because two fractions of compounds were extracted in the scenario (2). The operating cost 
for the SFE industrial plant was US$ 3.46 million/year, accounting a productivity of 8.84 
ton/year of volatile extract. On the other hand, the operating cost for the SFE + PWE 
industrial plant was US$ 2.49 million/year, accounting productivities of 5.74 ton/year of 
volatile extract and 32.29 ton/year of non-volatile extract (dry basis). 
Thereby, developing process intensification (SFE + PWE) enabled a 28% reduction 
in the annual operating cost when comparing it with the SFE process alone. This reduction 
was directly linked to the greater use of the raw material in the SFE + PWE process, which 
means that the rosemary was used for obtaining two extract fractions. Among the partial 
costs, the cost of raw material represented 85% and 77% of the total cost for scenarios (1) 
and (2), respectively. Approximately 376 ton and 234 ton of rosemary could be processed 
per year in scenarios (1) and (2), respectively. Although the productivity of volatile extract 
diminished because of the longer duration of each batch (Figure 3), performing the SFE + 
PWE processes provided an expressive amount of non-volatile extract (Figure 9). For 
instance, the accumulated content of phenolic compounds along a month could contain up 
to 13 kg of rosmarinic acid and 20 kg of carnosic acid, in addition to the content of 
carnosol, rosmanol, methyl carnosate, and so forth. 
This paper is pioneer on developing process intensification with the goal to extract 
distinct compounds from rosemary by sequencing operations in the same multipurpose 
equipment, and also evaluating the results into the techno-economic approaches. 
Thereupon, no studies could be found on literature to directly compare the findings. 
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However, some studies report COM’s of rosemary compounds obtained using different 
extraction processes. Such example is the paper fulfilled by Zibetti et al. (2013), where 
authors presented COM’s of rosmarinic acid obtained by hydro-ethanolic extraction. In the 
scenario of pilot scale simulated by the authors, the operations of obtaining and purifying 
rosmarinic acid comprised some steps as: low-pressure solid-liquid extraction, extract 
concentration using multiple effect evaporators, filtering of particulate solids and separation 
through chromatography using a phase-reverse preparative C18 column, reaching up 93% of 
recovery. In this case, the COM for producing purified rosmarinic acid (95 kg/year) was 
estimated at US$ 5.85/g, whereof 50% of costs stood for the purification steps of this 
compound (Zibetti et al., 2013). 
Whether considering the COM of volatile extract (US$ 391.00/kg, Figure 9) is the 
same for both scenarios (SFE and SFE + PWE) taken into account in this paper, we could 
reach a COM of non-volatile extract equal to US$ 7.50/kg in the SFE + PWE processes. It 
means an annual operating cost of US$ 242,000.00 for producing extracts containing 
phenolic compounds in scenario (2), and such extracts could contain up to 160 kg of 
rosmarinic acid (based on the composition analysis performed into Section 3.2). Once the 
purification step was not included in the simulation model, we used the result obtained by 
Zibetti et al. (2013) as an approach to calculate the COM of rosmarinic acid in this paper; 
so, its value was US$ 3.00/g. On the market, a bottle containing 5 g of rosmarinic acid 
(Sigma Aldrich Brazil – 2014) with 96% purity costs to the final consumer approximately 
US$ 464.00 (US$ 92.80/g). Thus, the process proposed/developed in this paper seems to be 
promising on the tech-economic viewpoint. Not only rosmarinic acid could be obtained and 
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separated of the non-volatile fraction at low cost, but also other phenolic compounds. 
Therefore, process intensification (SFE + PWE) may be industrially more attractive even. 
4 CONCLUSION 
The COM’s of volatile extracts obtained by SFE process fulfilled by Zabot et al. 
(2014a) were approximately 23% lower when using the bed geometry of HB/DB = 2.7 
instead of HB/DB = 7.1. Furthermore, the processes performed in this paper (SFE-CO2 + 
PWE-water; sequential operations accomplished in the same equipment) were suitable for 
obtaining two fractions of bioactive compounds found in rosemary leaves. The fraction 
obtained with supercritical CO2 was composed of volatile compounds as 1,8-cineole and 
camphor, among others. The fraction obtained with pressurized water was composed of 
phenolic compounds as rosmarinic acid, rosmanol, carnosol, carnosic acid and methyl 
carnosate. Good extraction yields were reached: 2.5 wt.% of volatile compounds and 
18.6 wt.% of non-volatile compounds. The economic perspectives of applying this new 
proposal for intensifying the extraction of rosemary compounds are encouraging. The 
proposed processes (SFE + PWE) are favorable when the integral use of rosemary, or even 
other similar raw materials, is searched for having a wide range of bioactive compounds 
with several and diversified functional properties. It was the case of rosmarinic acid, which 
was not extracted with supercritical CO2, being thereafter extracted with pressurized water. 
Moreover, the processes can be industrially desirable, because it enabled a 28% reduction 
in the annual operating cost when comparing it with the SFE process alone. 
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Procedure  O peration Process scheduling Remarks 
P-1/MX-101 CO2 Mixing STT = beginning of the batch 
SPT = 0; PST = 120 min 
CO2 Buffer tank 
P-2/HX-101 CO2 Cooling STT = beginning of the batch 
PST = 120 min 
Cooling of CO2 
Final temperature = -5°C 
P-3/PM-101 CO2 Pumping STT = beginning of the batch 
PST = 120 min 
Pressurization of CO2 up to 30 
MPa 
 
P-4/HX-103 CO2 Preheating STT = beginning of the batch 
PST = 120 min 
Preheating of CO2 at  40°C 
P-6/R-101 Heating-SFE-E1 STT = beginning of the batch 
PST = 83 min 
Heating and maintaining the 
SFE temperature at 40°C 
 Pressurization-SFE-E1 STT = starts with Heating-SFE-E1 
PST = 23 min 
Pressurization of the vessel 
and static period 
 Extraction-SFE-E1 STT = starts after Pressurization-SFE-E1 ends 
PST = 60 min 
SFE process 
 Depressurization-SFE-E1 STT = starts after Extraction-SFE-E1 ends 
PST = 27 min 
Complete depressurization of 
the vessel E1 
 Discharging of residue-E1 STT = starts after Depressurization-SFE-E1 ends 
PST = 10 min 
Discharging of residue from 
the extraction 
P-7/R-102 Heating-SFE-E2 STT = starts with Extraction-SFE-E1 
SPT = 37 min; PST = 83 min 
Heating and maintaining the 
temperature in the extractor E2 
at 40°C 
 Pressurization-SFE-E2, Extraction-SFE-E2, Depressurization-SFE-E2 and Discharging of residue-E2 operations 
follow the same scheduling of P-6, just considering here the procedures in E2 
P-9/V-101 Separation-S1 STT = starts with Extraction-SFE-E1 
PST = 120 min 
First separator: separation 
between extract and CO2 
P-10/V-102 Separation-S2 STT = starts with Extraction-SFE-E1 
PST = 120 min 
Second separator: release of 
CO2 dissolved in the extract  
STT: start t ime = the time elapsing between the start of an operation and a reference p oint in time; 
SPT: setup time = amount of time spent before each operation is performed in preparation for the actual execution of the operation 
– SPT value is zero when it  is omitted; 
PST: process time = amount of time during which the actual processing is done  




Procedure  O peration Process scheduling Remarks 
P-1/MX-101 CO2 mixing STT = beginning of the batch 
SPT = 0; PST = 130 min 
CO2 Buffer tank 
P-2/HX-101 CO2 cooling STT = beginning of the batch 
PST = 130 min 
Cooling of CO2 
Final temperature = -5°C 
P-3/PM-101 CO2 pumping STT = beginning of the batch 
PST = 130 min 
Pressurization of CO2 up to 30 MPa 
P-4/HX-103 CO2 preheating STT = beginning of the batch 
PST = 130 min 
Preheating of CO2 at  40°C 
P-6/R-101 Heating-SFE-E1 STT = beginning of the batch 
PST = 83 min 
Heating and maintaining the SFE 
temperature at 40°C 
 Pressurization-SFE-E1 STT = starts with Heating-SFE-E1 
PST = 23 min 
Pressurization of the vessel and static 
period 
 Extraction-SFE-E1 STT = starts after Pressurization-SFE-E1 ends 
PST = 60 min 
SFE process 
 Depressurization-SFE-E1 STT = starts after Extraction-SFE-E1 ends 
PST = 5 min 
Depressurization of the extraction 
vessel E1 from 30 MPa to 10 MPa 
 Heating-PWE-E1 STT = starts with Depressurization-SFE-E1 
SPT = 5 min; PST = 65 min 
Heating at 1.2°C/min (from 40°C) 
 Extraction-PWE-E1 STT = starts with Heating-PWE-E1 
STS = 5 min; PST = 60 min 
PWE process 
 Depressurization-PWE-E1 STT = starts after PWE-E1 ends 
PST = 27 min 
Complete depressurization of the vessel 
E1 
 Discharging of residue-E1 STT = starts after Depressurization-SFE-E1 
ends; PST = 10 min 
Discharging of residue from the 
extraction 
P-7/R-102 Heating-SFE-E2 STT = starts with Extraction-SFE-E1 in P-6 
SPT = 37 min; PST = 83 min 
Heating and maintaining the 
temperature in the extractor E2 at 40°C 
 Pressurization-SFE-E2, Extraction-SFE-E2, Depressurization-SFE-E2, Heating-PWE-E2, Extraction-PWE-E2, 
Depressurization-PWE-E2 and Discharging of residue-E2 operations follow the same scheduling of P -6, just 
considering here the procedures in E2 
P-9/V-101 Separation-S1 STT = starts with Extraction-SFE-E1 
PST = 120 min 
First separator: separation between 
extract and CO2 
P-10/V-102 Separation-S2 STT = starts with Extraction-SFE-E1 
PST = 120 min 
Second separator: release of CO2 
dissolved in the extract  
P-11/V-104 Water supply STT = starts with Extraction-PWE-E1 
PST = 120 min 
Water supply for the PWE process 
P-12/PM-102 Liquid pumping STT = starts with Extraction-PWE-E1 
PST = 120 min 
Pressurization of water 
 
P-13/HX-102 Water preheating STT = starts with Extraction-PWE-E1 
PST = 120 min 
Preheating water for the PWE process 
P-16/V-103 Separation-S3 STT = starts with Extraction-PWE-E1 
PST = 120 min 
Separation between extract and water 
STT: start time = the time elapsing between the start of an operation and a reference point in time;  
SPT: setup time = amount of time spent before each operation is performed in preparation for the actual execution of the operation – SPT value is 
zero when it is omitted; 
PST: process time = amount of time during which the actual processing is done;  
STS: start time shift = align start of an operation with another operation  




Equipment M a Unit base cost (US$) 1L 
Jacketed extraction vessel (E-1: HB/DB = 7.1) 
b 0.82 6,270.00 
Jacketed extraction vessel (E-2: HB/DB = 2.7) 
b 0.82 5,540.00 
Air-driven CO2 pump 0.55 2,470.00 
Electric liquid pump 0.55 3,920.00 
Cooler 0.59 2,080.00 
Heater 0.59 820.00 
Separation vessel 0.49 1,460.00 
Manometer 0 410.00 
Block valve 0.60 220.00 
Back-pressure valve 0.60 1,780.00 
Micrometering valve 0.60 1,090.00 
Flowmeter 0.60 700.00 
Safety valve 0.60 310.00 
Temperature controller 0.60 310.00 
Air compressor 0.46 1,870.00 
Piping, connectors, crossheads, mixers and splitters c 0.60 3,660.00 
Structural material for supporting the equipment 0.60 4,060.00 
Total plant cost (2 extraction vessels: E-1) - 43,560.00 
Total plant cost (2 extraction vessels: E-2) - 41,060.00 
M: constant depending on equipment type; 1L Based on an operating plant with 2 extractors of 1 L; a 
based on references (Perry and Green, 1997; Peters and Timmerhaus, 1991; Smith, 2005); 
b supporting pressures up to 60 MPa; c total cost 




Industrial SFE + PWE equipment 
Estimated cost using the power law of capacity 
(Eq. (1)) 
2 extraction vessels of 10 L (HB/DB = 2.7) US$ 179,990.00 
2 extraction vessels of 10 L (HB/DB = 7.1) US$ 189,430.00 
2 extraction vessels of 50 L (HB/DB = 2.7) US$ 540,040.00 
2 extraction vessels of 50 L (HB/DB = 7.1) US$ 576,100.00 
2 extraction vessels of 100 L (HB/DB = 2.7) US$ 879,180.00 
2 extraction vessels of 100 L (HB/DB = 7.1) US$ 942,840.00 
 Other input data 
Annual depreciation rate a 10% 
Annual maintenance rate a 6% 
Labor (base salary) US$ 6.00/h 
2 extraction vessels of 10 L 2 operators 
2 extraction vessels of 50 L 3 operators 
2 extraction vessels of 100 L 3 operators 
Rosemary b US$ 6.00/kg 
Carbon dioxide b US$ 2.65/kg 
Electricity b US$ 0.20/kW.h 
CaCl2 (refrigerant fluid)
 c US$ 0.25/metric ton 
Steam (high pressure) c US$ 20.00/metric ton 
Water c US$ 0.05/metric ton 
a Based on reference (Peters and Timmerhaus, 1991); b direct quotation (2014); c SuperPro 
Designer 8.5® database  




Compound Retention time (min) Amount (mg/g of extract) RSD (%) 
α-pinene 18.6 15.5 3.4 
Camphene 19.3 4.7 4.8 
p-cymene 22.7 3.4 3.5 
1,8-cineole 23.0 359.4 5.4 
Linalool 25.6 2.8 3.9 
Camphor 27.4 101.4 3.7 
Borneol 28.1 20.8 2.7 
Terpinen-4-ol 28.5 2.4 1.5 
α-terpineol 28.9 30.2 0.6 
Trans-caryophyllene 36.2 35.7 3.3 
RSD: Relative Standard Deviation 
  

























h1 2 3 4 5h
dayday
(3.00 h)
(0.00 h - 2.00 h)
Heating-SFE-E1 (0.00 h - 1.38 h)
Pressurization-SFE-E1 (0.00 h - 0.38 h)
Extraction-SFE-E1 (0.38 h - 1.38 h)
Depressurization-SFE-E1 (1.38 h - 1.83 h)
Discharging of residue-E1 (1.83 h - 2.00 h)
(1.00 h - 3.00 h)
Heating-SFE-E2 (1.00 h - 2.38 h)
Pressurization-SFE-E2 (1.00 h - 1.38 h)
Extraction-SFE-E2 (1.38 h - 2.38 h)
Depressurization-SFE-E2 (2.38 h - 2.83 h)




















h1 2 3 4 5h
dayday
(3.40 h)
(0.00 h - 2.40 h)
Heating-SFE-E1 (0.00 h - 1.17 h)
Pressurization-SFE-E1 (0.00 h - 0.17 h)
Extraction-SFE-E1 (0.17 h - 1.17 h)
Depressurization-SFE-E1 (1.17 h - 1.25 h)
Heating-PWE-E1 (1.17 h - 2.16 h)
Extraction-PWE-E1 (1.25 h - 2.25 h)
Depressurization-PWE-E1 (2.25 h - 2.33 h)
Discharging of residue-E1 (2.33 h - 2.40 h)
(1.00 h - 3.40 h)
Heating-SFE-E2 (1.00 h - 2.17 h)
Pressurization-SFE-E2 (1.00 h - 1.17 h)
Extraction-SFE-E2 (1.17 h - 2.17 h)
Depressurization-SFE-E2 (2.17 h - 2.25 h)
Heating-PWE-E2 (2.17 h - 3.25 h)
Extraction-PWE-E2 (2.25 h - 3.25 h)
Depressurization-PWE-E2 (3.25 h - 3.33 h)
Discharging of residue-E2 (3.33 h - 3.40 h)
A 
B 
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8.1. CONCLUSÕES GERAIS 
A revisão de estudos conduzidos no LASEFI, apresentada no capítulo 2, foi 
importante para inteirar-se dos projetos de pesquisa recentes desenvolvidos pelo grupo e 
dos avanços obtidos na área de separações físicas. Além disso, essa revisão serviu para 
identificar as tendências futuras de pesquisas envolvendo tecnologia supercrítica, sendo útil 
para a proposição do tema de estudo apresentado nesta tese. As tendências futuras de 
pesquisas compreendem itens como: 
I) definir critérios de aumento de escala adequados para processos de extração 
com fluido supercrítico, especialmente envolvendo a influência da geometria do 
leito nos rendimentos de extrato para diferentes matérias-primas; 
II) otimizar variáveis de processo para propor sistemas de extração em modo 
pseudo contínuo; 
III) obter produtos diversificados e/ou aumentar rendimento de extração através da 
aplicação de intensificação e/ou integração de processos; 
IV) estudar a viabilidade de processos de extração e formação de partículas on line, 
isto é, aproveitar a energia de pressão da extração como energia útil para a 
precipitação de compostos bioativos; 
V) avaliar o aproveitamento integral de matérias-primas através da associação de 
técnicas de extração, hidrólise do coproduto e aproveitamento do material 
residual como fonte de energia (pequenas biorrefinarias). 
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A pesquisa bibliográfica desenvolvida no capítulo 3 foi fundamental para entender 
a influência das principais variáveis de processo nas curvas cinéticas de extração utilizando 
fluidos supercríticos, com destaque para a geometria de leito. Isso permitiu obter 
informações para o desenvolvimento das etapas experimentais. Os efeitos das principais 
variáveis de processo são resumidos abaixo: 
 I) Temperatura: favorece a transferência de massa, embora o aumento demasiado 
de temperatura degrade compostos termolábeis e cause gelatinização do amido 
em matrizes vegetais ricas nesse polissacarídeo; 
 II) Pressão: favorece o poder de solvatação do solvente através do aumento da 
densidade. Óleos voláteis são extraídos em pressões moderadas (15 MPa), 
enquanto que lipídios são obtidos em pressões maiores; 
 III) Geometria do leito: influencia no rendimento de extração. Têm-se poucos 
estudos na área da tecnologia supercrítica sobre essa variável de processo. A 
sua influência não é isolada, isto é, depende também das características da 
matéria-prima, do diâmetro médio das partículas e das características do leito 
como porosidade. Isso significa que uma determinada razão HB/DB pode ser 
adequada para uma determinada classe de matérias-primas, mas pode não ser 
adequada para outra classe. Há a necessidade de se explorar mais a influência 
da geometria do leito para propor critérios de aumento de escala apropriados 
que permitam a aplicação da SFE em escalas maiores; 
 IV) Diâmetro médio das partículas: interfere na área de transferência de massa. As 
partículas não podem ser suficientemente grandes, pois o solvente tem 
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dificuldade para atingir o soluto. Entretanto, as partículas não podem ser 
suficientemente pequenas a ponto de provocar compactação do leito e formar 
caminhos preferenciais para o escoamento do solvente; 
 V) Tempo de extração: impacta na produtividade e no custo de manufatura. 
Geralmente, o tempo de extração mais apropriado, do ponto de vista tecno-
econômico, fica em torno do tCER; 
 VI) Vazão de solvente: influencia a razão mássica de soluto na fase supercrítica. 
Em processos de extração, o ideal é usar vazões de solvente que distanciam a 
mistura do ponto de saturação, isto é, longe do equilíbrio termodinâmico; 
 VII)Cossolvente: favorece a extração de compostos que têm solubilidade limitada 
em solventes como o CO2. A tendência futura indica o uso de cossolventes 
como água e etanol. 
Assim, a pesquisa experimental desenvolvida com cravo-da-índia, apresentada no 
capítulo 4, proporcionou o agrupamento de algumas informações úteis sobre geometria do 
leito, as quais são exibidas a seguir: 
 I) a manutenção da velocidade intersticial de solvente constante não é um critério 
adequado a ser usado na mudança de escala de processos SFE, pois a geometria 
do leito interfere no comportamento da curva cinética de rendimento; 
 II) a manutenção da razão S/F constante, para um tempo de extração fixo, pode ser 
o critério a ser usado satisfatoriamente na mudança de escala de processos de 
extração de óleo de cravo-da-índia com CO2 supercrítico; 
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III) a predominância de partículas vegetais muito finas no leito tende a compactá-lo 
excessivamente e impacta na redução da taxa de transferência de massa, 
principalmente no período CER, sendo este fenômeno observado com maior 
intensidade no leito E-1 (HB/DB = 7,1); 
IV) as temperaturas locais em cada leito (E-1 e E-2) foram diferentes devido às 
diferenças de geometria, podendo ter contribuído na mudança da viscosidade do 
solvente + soluto e na extração seletiva de algum composto bioativo específico 
(perfil de composição química dos extratos); 
V) o maior rendimento mássico de óleo de cravo-da-índia obtido da matriz vegetal 
foi de 20,8 %, o qual apresentou a seguinte composição acumulada: 59,0 % de 
eugenol, 19,0 % de acetato de eugenila, 10,2 % de trans-cariofileno e 1,2 % de 
α-humuleno. 
A maioria dos métodos disponíveis na literatura para a quantificação de diterpenos 
fenólicos de alecrim, como ácido carnósico e ácido rosmarínico, envolvem corridas 
analíticas com longos tempos de duração. Por isso, o método desenvolvido e validado no 
capítulo 5 mostrou-se apropriado para identificação e quantificação de compostos fenólicos 
encontrados em alecrim. O tempo total de análise por HPLC foi de apenas 10 min, sendo 
que o método foi eficiente em termos de resolução, seletividade e simetria dos picos. Com 
este método foi possível identificar e quantificar os principais polifenóis em alecrim, como 
ácido carnósico, ácido rosmarínico, rosmanol, carnosol e carnosato de metila. Este método 
foi usado na obtenção de dados de composição do extrato, tanto no capítulo 6 quanto no 
capítulo 7. 
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O desenvolvimento da pesquisa apresentada no capítulo 6 permitiu concluir que o 
mesmo critério usado na mudança de escala de processos de extração de óleo de cravo-da-
índia com CO2 supercrítico (S/F constante em um tempo fixo de extração) não é adequado 
para alecrim. Foram observadas diferenças de rendimento total e composição de extrato 
entre os leitos E-1 e E-2. Os parâmetros cinéticos calculados, como taxa de transferência de 
massa e razão mássica de soluto no solvente, foram diferentes entre os leitos estudados, 
mesmo mantendo-se variáveis de processo constantes, como temperatura, pressão, diâmetro 
médio de partículas e porosidade do leito. Logo, há a necessidade de outros estudos 
sistemáticos para o estabelecimento de um critério adequado para ser usado com alecrim e 
algumas matérias-primas pertencentes à família das Lamiáceas. 
No capítulo 7 concluiu-se que o COM de extrato volátil de alecrim obtido pelo 
processo SFE é aproximadamente 23 % menor ao se utilizar geometria de leito de 
HB/DB = 2,7 em vez de HB/DB = 7,1. Para uma planta industrial contendo 2 extratores de 
100 L instalada no Brasil, o COM de extrato volátil foi de US$ 283,00/kg. Além disso, a 
intensificação de processos executada (SFE-CO2 + PWE-água; operações sequenciais na 
mesma unidade produtiva) mostrou-se adequada para a obtenção das duas frações de 
compostos bioativos encontrados em alecrim: terpenoides e compostos fenólicos. O 
rendimento da fração de terpenoides foi de 2,5 g/100 g de alecrim (base seca) em S/F de 
2,5 g CO2/g de alecrim; o rendimento da fração de compostos fenólicos foi de 18,6 g/100 g 
de alecrim em S/F de 6,6 g água/g de alecrim (massa inicial de matéria-prima, base seca). 
Em termos econômicos, a intensificação de processos permitiu 28 % de redução no custo 
anual de operação quando comparada com o processo SFE somente. 
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Portanto, o desenvolvimento desta tese contribuiu com o avanço da fronteira do 
conhecimento por trazer informações sobre a influência de uma variável de processo pouco 
estudada em tecnologia supercrítica: a geometria do leito de extração. A busca pelo 
aproveitamento quase integral do alecrim incluiu o desenvolvimento da intensificação de 
processos (SFE + PWE), sendo os resultados de cunho tecno-econômico promissores para 
tornar oportuna futura aplicação industrial. 
8.2. SUGESTÕES PARA TRABALHOS FUTUROS 
Após a execução das atividades detalhadas na tese e com as informações obtidas, a 
lista abaixo foi elaborada para estimular pesquisas continuadas no assunto buscando 
favorecer aplicação industrial dos processos estudados: 
I) Avaliar a influência da geometria do leito nas curvas cinéticas de extração 
usando matérias-primas que contenham compostos bioativos distribuídos em 
rizomas, raízes, caules ou sementes; 
II) Avaliar a dispersão axial do solvente + soluto em leitos de diferentes razões 
HB/DB, diferentes porosidades e vários níveis de vazão mássica de solvente; 
III) Testar ou desenvolver outros critérios para mudança de geometria e aumento de 
escala em processos de obtenção de extrato de alecrim com CO2 supercrítico; 
IV) Estudar a influência da geometria do leito na intensificação de processos 
(SFE + PWE) de obtenção de compostos de alecrim; 
V) Avaliar o rendimento e composição de terpenos fenólicos obtidos na etapa 
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ELABORAÇÃO DE PROJETO DE PESQUISA E ARTIGO DE REVISÃO 
O ciclo PDSA é um método organizacional de estudo que permite planejar detalhes 
e elaborar planos de trabalho previamente à execução de um determinado procedimento 
operacional, auxiliando a identificar problemas e pontos falhos que possam ser melhorados 
no sistema para a realização de um novo ciclo de atividades. Neste contexto, o Apêndice A 
é composto de diversos ciclos elaborados no início do projeto de pesquisa, incluindo ciclos 
dedicados para seleção do periódico e formatação de figuras e tabelas para o artigo 
“Supercritical fluid extraction of bioactive compounds from botanic matrices: experimental 




UNICAMP - Programa Black Belt 
Ciclo de Melhoria 
 PDSA  
Data: 29/09/2011 
Equipe: Giovani Zabot, Moysés N. de Moares e M. A. A. 
Meireles 





OBJETIVO DO CICLO 
Fazer a Pesquisa Bibliográfica para o projeto de pesquisa. 
• Que conhecimento adicional é necessário para levar a ação? 
QUESTÕES A SEREM RESPONDIDAS A PARTIR DOS DADOS OBTIDOS NESTE CICLO 
1. Existem informações experimentais ou teóricas publicadas sobre o assunto? 
2. O assunto é relevante? 
3. As publicações estão em fontes referenciáveis? 
4. Os dados disponíveis são provenientes de laboratórios cuja credibilidade já está estabelecida?  
5. Quem são os autores mais importantes da área? Em que países estes autores realizaram o trabalho? 
6. Quais os periódicos mais citados? 
7. Existem patentes sobre o tema? De que locais são elas? 
8. As publicações aconteceram num período determinado? Qual é a situação atual?  
9. Qual é o cenário futuro? 
PREDIÇÕES 
A extração com fluidos supercríticos (SFE) de matérias-primas vegetais é um processo com 
crescente avanço tecnológico na área de separações físicas nos últimos anos. A expectativa é que se 
encontrem vários trabalhos na literatura focando aspectos analíticos, como estudos apresentando a ot imização 
de temperaturas e pressões para extração de diferentes matrizes vegetais. No entanto, esperam-se poucas 
abordagens referentes a validações de unidades extrativas com extratores de diferentes geometrias de leito e 
operando em modo contínuo. 
 • Há dados históricos disponíveis para responder às questões acima? 








DESENVOLVA UM PLANO PARA RESPONDER ÀS QUESTÕES (Quem, O que, Onde, Quando, 
Como) 
8. Quais bases de dados serão consultadas? 
Como primeira fonte de informação serão procurados trabalhos na Base Alimentarium: Produção 
Científica da Faculdade de Engenharia de Alimentos UNICAMP no dia 18/09/11. Após, será consultada a 
base de dados do “ISI WEB OF SCIENCE” durante o período de 23/09/11 e 24/09/11. Inicialmente a 
pesquisa será realizada usando-se palavras específicas na área e após por termos específicos. Para a obtenção 
de informações adicionais será consultada, também, a base de dados do “SCOPUS” no dia 24/09/11. 
9. Qual o período a ser pesquisado? 
 Serão considerados os artigos publicados nos últimos 10 anos (2001 – atual) sobre o assunto a ser 
pesquisado. Artigos mais antigos (clássicos) serão abordados somente os de autores com grande carreira na 
área e que possuam significativa experiência. 
10. Quais palavras chaves serão usadas? Em qual idioma estarão estas palavras? 
 Na Base Alimentarium serão usadas as seguintes palavras , as quais estarão em português: cravo; 
alecrim; extração supercrítica; rendimento global de extração; cinética de extração. Na base de dados do ISI e 
SCOPUS serão usadas as seguintes palavras -chave no idioma inglês: supercritical fluid extraction; 
supercritical carbon dioxide extraction; pressurized carbon dioxide extraction; CO2 extraction; clove (Eugenia 
caryofhyllus); rosemary (Rosmarinus officinalis); antioxidant activity; overall extraction curves; global yield 
extraction; scale-up. 
11. Como serão selecionados os textos a serem analisados? 
 Inicialmente serão selecionados os trabalhos que servem de fundamentação técnica para a pesquisa. 
Tais trabalhos fornecerão os valores das temperaturas e pressões otimizadas  para os processos a serem 
desenvolvidos no projeto. Após esta etapa, haverá uma seleção de artigos que compreendam assuntos 
relevantes à pesquisa e que preencham os requisitos prescritos nas palavras -chave. Certamente serão muitos 
artigos disponíveis. Em vista disso, será feita uma seleção mais rigorosa dentre estes para escolher uma gama 
de 50 textos com maior relevância no assunto. Isto será feito concomitantemente com a escrita da Revisão 
Bibliográfica do projeto. 
12. Como serão agrupados os conhecimentos? Será usada ordem cronológica? Os temas serão 
agrupados por grandes áreas? 
 Os conhecimentos serão agrupados por assuntos afins. Será utilizado o programa EndNote 
(gerenciador de referências bibliográficas) para buscar os textos diretamente nos bancos de dados do ISI e 
SCOPUS. Os textos serão divididos em pastas nas quais o assunto principal dos mesmos é fixado. Serão 
integradas as seguintes áreas: 
1) Revisão Bibliográfica 
 1.1 – Extração supercrítica (SFE);  
1.2 – Cravo (Eugenia caryophyllus); 
 1.3 – Alecrim (Rosmarinus oficinallis); 
 1.4 – Aplicação na indústria de alimentos; 
 1.5 – Geometria de extratores em SFE; 
 1.6 – SFE modo contínuo; 
 1.7 – Separação dos extratos; 
1.8 – Atividade antioxidante; 




 1.10 – Custo de manufatura; 
 O desenvolvimento desse agrupamento será realizado paralelamente à busca e seleção dos textos 
relevantes. 
* O seu plano considerou os seguintes métodos: 
( ) Sim     ( ) Não - Formulários Coleta de Dados; 
( ) Sim     ( )  Não - Experimentação Planejada;  
( ) Sim     ( ) Não - Diagramas de Dispersão;  
( ) Sim     ( ) Não - Diagramas de Pareto;  
( )Sim      ( ) Não - Métodos de Pesquisa; 
(x) Sim     ( ) Não - Gráficos de Tendências; 
( ) Sim     ( ) Não - Gráficos de Controle;  
( ) Sim     ( ) Não - Simulação/Modelagem;  
( ) Sim     ( ) Não - Análise de Engenharia; 
(x) Sim     ( ) Não – Histogramas;   
(x) Sim     ( ) Não – Gráfico de Gantt; 
• Você definiu responsabilidades para a coleta e análise dos dados? 
• É necessário treinamento? 
• O plano é consistente com o contrato? 
• O plano pode ser conduzido em pequena escala? 
• Você considerou as pessoas de fora da equipe que serão afetadas por este plano? 
 
            FAZER 
OBSERVAÇÕES AO CONDUZIR O PLANO 
1. Use a consulta a teses, relatórios e trabalhos em congresso como uma informação inicial; 
2. Lembre-se que teses, relatórios, trabalhos em congresso são fontes de informações de circulação 
restrita, portanto, não são consideradas fontes referenciáveis pela maioria dos editores; 
3. Procure usar uma base de dados consistente como, por exemplo, a ISI Web of Science. Caso o 
número de referências seja insuficiente, conduza um novo ciclo usando uma base de dados aberta como, 
por exemplo, a Scirus for Scientific Information. 
4. Procure citar trabalhos de autores que tenham grande experiência na área. 
5. Referencie os autores imediatamente após ler os textos  relevantes, para evitar o esquecimento 
posterior. 
FAZER: 
Na procura de teses e dissertações no Base Alimentarium, encontraram-se 7 trabalhos que englobam 
as palavras-chaves estabelecidas para obter as informações iniciais . 
BRAGA, M. E. M. Obtenção de compostos bioativos de Curcuma longa L. e Lippia alba M. por 
tecnologia supercrítica: rendimento global, cinética de extração, composição química e aproveitamento 
do resíduo amiláceo. 2005. p. 156 (Doutorado em Engenharia de Alimentos). DEA/FEA, UNICAMP, 
Campinas, SP. 
CARVALHO JÚNIOR, R. N. Obtenção de extrato de alecrim (Rosmarinus officinalis) por extração 




variávies do processo. 2004. p. 151 (Doutorado em Engenharia de Alimentos). DEA/FEA, UNICAMP, 
Campinas, SP. 
 
LEAL, P. F. Estudo comparativo entre os custos de manufatura e as propriedades funcionais de óleos 
voláteis obtidos por extração supercrítica e destilação por arraste a vapor. 2008. p.  275 (Doutorado em 
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Na busca de textos científicos na base de dados ISI obteve-se informação suficiente para criar os 
seguintes gráficos: 
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Figura A1.2: Comparação entre trabalhos SFE utilizando cravo e alecrim entre 1990 e 2011. 
 
De acordo com levantamento feito, antes dos anos 90 foram publicados 32.778 artigos referentes a 
todos os métodos de extração enquanto que apenas 211 referiam-se à extração com fluido supercrítico, 
equivalendo a 0,64 %. Nos últimos 20 anos houve a publicação de 226.105 artigos englobando todos os 
métodos de extração, dentre os quais 6.189 são de processos aplicando fluidos supercríticos representando 
2,74 % do total. 
 Os autores mais representativos da área são: MEIRELES, M. A. A.; BRUNNER, G.; KING, J.; 
PERRUT, M.; FERREIRA, S. R. S.; DEL VALLE, J. M.; DIAZ-REINOSO, B.; REGLERO, G.; IBANEZ, 
E.; PALAVRA, A. F.; COELHO, J. A. P.; REVERCHON, E.  
Os laboratórios em que esses autores atuam são: 
 i) Laboratório de Separações Físicas, LASEFI, DEA/FEA – UNICAMP. Campinas, SP – Brasil; 
 ii) Universidade Tecnológica de Hamburgo. Eissendorfer – Alemanha. 
 iii) Departamento de Engenharia Química, Universidade de Arkansas. Arkansas – EUA. 
 iv) Departamento de Engenharia de Alimentos, UFSC. Florianópolis, SC – Brasil. 
 v) Departamento de Engenharia Química & Bioprocessos, PUC – Chile. Santiago – Chile. 
 vi) Departamento de Engenharia Química, Universidade de Vigo. Vigo – Espanha. 
 vii) Departamento de Ciência de Alimentos, Universidade Autônoma de Madri. Madri – Espanha; 
viii) Centro de Química Estrutural, Instituto Superior Técnico (IST). Lisboa – Portugal; 
ix) Departamento de Engenharia Química e Biológica (CIEQB/DEQ, ISEL). Lisboa – Portugal; 
v) Universidade de Salerno, Departamento de Engenharia Química e Alimentar. Fisciano (SA) – Itália; 
Os periódicos mais importantes da área são: 
a) Journal of Supercritical Fluids; 
b) Industrial & Engineering Chemistry; 
c) Chemical Engineering Science; 
d) Journal of Agricultural and Food Chemistry; 




I) Revisões de SFE – 20 artigos; 
II) Cravo (Eugenia caryophyllus) – 19 artigos; 
III) Alecrim (Rosmarinus oficinallis) – 12 artigos; 
 IV) Extração supercrítica (SFE) – 20 artigos; 
 V) Atividade antioxidante – 9 artigos; 
 VI) Aumento de escala – 2 artigos; 
 VII) Custo de manufatura – 4 artigos; 
 VIII) Geometria de extratores em SFE contínua – 0 artigos; 
 Foram consultados, ainda, 12 livros. 
 Dentre estes trabalhos, a publicação está dividida entre os principais autores como na tabela abaixo. 
Tabela A1.1: Autores e/ou co-autores que possuem mais publicações na pesquisa feita para a SFE de cravo e 
alecrim 
Autor Número de trabalhos afins 
MEIRELES, M. A. A. 13 
BRUNNER, G. 





IBANEZ, E. 5 
PALAVRA, A. F. 3 
COELHO, J. A. P. 4 
REVERCHON, E. 9 
 A busca pelas seguintes palavras-chave combinadas “Supercritical fluid extraction AND Clove AND 
Bed geometry” ou “Supercritical fluid extraction AND Rosemary AND Bed geometry” não permitiu 
encontrar nenhum texto científico, nem na base de dados do ISI WEB OF SCIENCE e nem no SCOPUS. 
 
As referências para a elaboração da revisão bibliográfica são apresentadas como segue. 
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• Identifique as coisas observadas que não fazem parte do plano.  
• Documente o que saiu errado durante a coleta de dados.  
• Comece a análise inicial dos dados assim que forem coletados.  
• Avalie os dados quanto a mudanças ao longo do tempo (gráfico de controle ou gráfico de tendência).  
ESTUDAR 
O QUE FOI APRENDIDO COM OS DADOS? 
1. O tema selecionado representa uma oportunidade para o avanço do conhecimento? 
 O tema abordado retrata um incremento positivo na área de extração de matrizes vegetais usando 
tecnologia supercrítica. Como visto, ainda não há trabalhos científicos relatando o estudo do comportamento 
de curvas de extração através do emprego de tecnologia supercrítica em extratores com diferentes geometrias 
de leito. Em vista disso, o assunto em questão reflete uma perspectiva para o avanço do conhecimento e 
possibilita a validação de uma unidade de extração em modo contínuo. 
2. Você considera que as ferramentas necessárias para a realização deste trabalho estão disponíveis ou 
poderiam ser disponibilizadas para a execução da pesquisa proposta? 
 Observou-se que as ferramentas necessárias e de maior importância para o desenvolvimento do 
trabalho estão disponíveis para a elaboração do projeto. 
3. Existem muitas patentes sobre o assunto? 
 No Brasil há 9 patentes envolvendo tecnologia supercrítica. Nos EUA há 1104 patentes de extração 
supercrítica. No entanto, para o assunto de SFE de matrizes vegetais em extratores de leitos diferentes não 
encontrou-se nenhuma patente. 
4. Quais itens devem ser inseridos na próxima pesquisa para uma busca mais detalhada? 
 Será necessário incluir no próximo ciclo PDSA da pesquisa bibliográfica alguns itens que ficaram 
faltando nesse ciclo e que irão permitir uma busca mais direcionada: 




 “Topic” Supercritical fluid extraction AND “Topic” Separators  
 “Topic” Supercritical fluid extraction AND “Topic” Separators AND “Topic” Clove  
 “Topic” Supercritical fluid extraction AND “Topic” Separators AND “Topic” Rosemary  
• Os resultados deste ciclo estão de acordo com as predições feitas na fase de planejamento?  
• Sob quais condições as conclusões deste ciclo poderiam ser diferentes? 
• Quais são as implicações das observações e problemas não planejados durante a coleta de dados? 
• Os dados ajudam a responder as questões colocadas no plano? 
RESUMA O NOVO CONHECIMENTO OBTIDO NESTE CICLO 
Faça uma lista das oportunidades para estudo e uma lista dos assuntos que devem ser evitados. 
Justifique! 
 Neste ciclo, alguns tópicos positivos ou negativos devem ser incluídos ou evitados: 
  Evitar procurar por palavras-chave muito comuns, tais como “extração com fluido supercrítico”. 
Nesse caso, surgiram 6.400 trabalhos científicos; 
  Evitar, no início, restringir muito o assunto. Procurar por um considerável número de artigos 
relevantes ao tema e ir descartando os menos próximos ao assunto até chegar à uma quantidade ótima para a 
elaboração da revisão bibliográfica do projeto; 
 Incluir na pesquisa o termo “geometria de separadores”; 
 O cronograma acima extrapolou o tempo, visto que a etapa “Fazer (DO)” planejada para ser feita 
em 8 h demorou 2 dias. Como no próximo ciclo estaremos mais experientes quanto à elaboração deste 
aprendizado, poderemos nos programar com mais precisão no tempo. 
• Revise o conhecimento atual para refletir este aprendizado (atualize fluxogramas e diagramas de causa e efeito). 
• Este novo conhecimento se aplicará em todos os lugares? 
AGIR 
1. Quais as referências bibliográficas foram usadas? 
BENSEBIA, O.  et al. Supercritical CO2 extraction of rosemary: effect of extraction parameters and 
modelling. Journal of Supercritical Fluids, v. 49, n. 2, p. 161-166, Jun 2009. 
BRUNNER, G. Gas extraction: an introduction to fundamentals of supercritical fluids and the 
application to separation processes.  Darmstadt; New York: Steinkopff ; Springer, 1994. 
BRUNNER, G. Supercritical fluids: technology and application to food processing. Journal of Food 
Engineering, v. 67, n. 1-2, p. 21-33, Mar 2005. 
CARVALHO, R. N.  et al. Supercritical fluid extraction from rosemary (Rosmarinus officinalis): kinetic data, 
extract's global yield, composition, and antioxidant activity. Journal of Supercritical Fluids, v. 35, n. 3, p. 
197-204, Oct 2005. 
CRAVEIRO, A. A.; QUEIROZ, D. C. Óleos essenciais e química fina. Química Nova, v. 16, n. 3, p. 224-
228,  1993. 
DEL VALLE, J. M.; AGUILERA, J. M. High pressure CO2 extraction. Fundamentals and applications in the 
food industry. Food Science and Technology International, v. 5, n. 1, p. 1-24, Feb 1999. 
DEL VALLE, J. M.  et al. Supercritical CO2 processing of pretreated rosehip seeds: effect of process scale on 
oil extraction kinetics. Journal of Supercritical Fluids, v. 31, n. 2, p. 159-174, Oct 2004. 
DELLA PORTA, G.  et al. Isolation of clove bud and star anise essential oil by supercritical CO2 extraction. 




DIAZ-REINOSO, B.  et al. Supercritical CO2 extraction and purification of compounds with antioxidant 
activity. Journal of Agricultural and Food Chemistry, v. 54, n. 7, p. 2441-2469, Apr 5 2006. 
GENENA, A. K.  et al. Rosemary (Rosmarinus officinalis) - a study of the composition, antioxidant and 
antimicrobial activities of extracts obtained with supercritical carbon dioxide. Ciencia E Tecnologia De 
Alimentos, v. 28, n. 2, p. 463-469, Apr-Jun 2008. 
GUAN, W. Q.  et al. Comparison of essential oils of clove buds extracted with supercritical carbon dioxide 
and other three traditional extraction methods. Food Chemistry, v. 101, n. 4, p. 1558-1564,  2007. 
HERRERO, M.; CIFUENTES, A.; IBANEZ, E. Sub- and supercritical fluid extraction of functional 
ingredients from different natural sources: Plants, food-by-products, algae and microalgae - A review. Food 
Chemistry, v. 98, n. 1, p. 136-148,  2006. 
HUANG, M.-T. Phenolic compounds in food and their effects on health 2: antioxidants and cancer 
prevention Washington, DC: American Chem. Soc., 1992. 
IBANEZ, E.  et al. Subcritical water extraction of antioxidant compounds from rosemary plants. Journal of 
Agricultural and Food Chemistry, v. 51, n. 2, p. 375-382, Jan 15 2003. 
KHAN, I. A.; ABOURASHED, E. A. Leung's encyclopedia of common natural ingredients: used in food, 
drugs, and cosmetics .  Hoboken, N.J.: John Wiley & Sons, Inc., 2010. 
LEAL, P. F.  et al. Functional properties of spice extracts obtained via supercritical fluid extraction. Journal 
of Agricultural and Food Chemistry, v. 51, n. 9, p. 2520-2525, Apr 2003. 
MARTINEZ, J. L. Supercritical fluid extraction of nutraceuticals and bioactive compounds .  Boca 
Raton, FL: CRC Press, 2008. 
MASUDA, T.; INABA, Y.; TAKEDA, Y. Antioxidant mechanism of carnosic acid: structural identification 
of two oxidation products. Journal of Agricultural and Food Chemistry, v. 49, n. 11, p. 5560-5565, Nov 
2001. 
MEIRELES, M. A. A. Supercritical extraction from solid: process design data (2001-2003). Current 
Opinion in Solid State & Materials Science, v. 7, n. 4-5, p. 321-330, Aug-Oct 2003. 
MEIRELES, M. A. A. Extraction of bioactive compounds from Latin American plants. In: MARTINEZ, J. 
(Ed.). Supercritical fluid extraction of nutraceuticals and bioactive compounds . Boca Raton: CRC Press 
– Taylor & Francis Group, 2008.  p.243-274. 
MOURA, L. S.  et al. Supercritical fluid extraction from fennel (Foeniculum vulgare): global yield, 
composition and kinetic data. Journal of Supercritical Fluids, v. 35, n. 3, p. 212-219, Oct 2005. 
PEREIRA, C. G.; MEIRELES, M. A. A. Economic analysis of rosemary, fennel and anise essential oils 
obtained by supercritical fluid extraction. Flavour and Fragrance Journal, v. 22, n. 5, p. 407-413, Sep-Oct 
2007. 
PEREIRA, C. G.; MEIRELES, M. A. A. Supercritical fluid extraction of bioactive compounds: fundamentals, 
applications and economic perspectives. Food and Bioprocess Technology, v. 3, n. 3, p. 340-372, Jun 2010. 
PHELPS, M. R.; SILVA, L. J.; HOGAN, M. O. Scaleup considerations. In: MCHARDY, J. e SAWAN, S. P. 
(Ed.). Supercritical fluid cleaning fundamentals, technology and applications . Westwood, N.J.: Noyes 
Publications, 1998.  p.220-244.  
PRADO, J. M.; PRADO, G. H. C.; MEIRELES, M. A. A. Scale-up study of supercritical fluid extraction 
process for clove and sugarcane residue. Journal of Supercritical Fluids, v. 56, n. 3, p. 231-237, Apr 2011. 
REVERCHON, E.; DE MARCO, I. Supercritical fluid extraction and fractionation of natural matter. Journal 




RODRIGUES, V. M.  et al. Determination of the solubility of extracts from vegetable raw material in 
pressurized CO2: a pseudo-ternary mixture formed by cellulosic structure plus solute plus solvent. Journal of 
Supercritical Fluids, v. 22, n. 1, p. 21-36, Jan 2002. 
ROSA, P. T. V.; MEIRELES, M. A. A. Rapid estimation of the manufacturing cost of extracts obtained by 
supercritical fluid extraction. Journal of Food Engineering, v. 67, n. 1-2, p. 235-240, Mar 2005a. 
ROSA, P. T. V.; MEIRELES, M. A. A. Supercritical technology in Brazil: system investigated (1994-2003). 
Journal of Supercritical Fluids, v. 34, n. 2, p. 109-117, Jun 2005b. 
ROSA, P. T. V.  et al. Supercritical and pressurized fluid extraction applied to the food Industry. In: 
MEIRELES, M. A. A. (Ed.). Extracting bioactive compounds for food products: theory and applications . 
Boca Raton: CRC Press, 2009.  p.269-327.  
STARMANS, D. A. J.; NIJHUIS, H. H. Extraction of secondary metabolites from plant material: A review. 
Trends in Food Science & Technology, v. 7, n. 6, p. 191-197, Jun 1996. 
TAKEUCHI, T. M.  et al. Study of the phase equilibrium formed inside the flash tank used at the separation 
step of a supercritical fluid extraction unit. Journal of Supercritical Fluids, v. 43, n. 3, p. 447-459, Jan 2008. 
TEMELLI, F.  et al. Supercritical fluid extraction of specialty oils. In: MARTÍNEZ, J. L. (Ed.). Supercritical 
fluid extraction of nutraceuticals and bioactive compounds . Boca Ratom: CRC Press, 2008.  p.51-91.  
TURTON, R.  et al. Analysis, synthesis, and design of chemical processes. 2nd ed. Upper Saddle River, 
N.J.: Prentice Hall, 2003. 
VAUGHAN, J. G.; GEISSLER, C.; NICHOLSON, B. The new Oxford book of food plants .  Oxford; New 
York: Oxford University Press, 1997. 
WECKESSER, S.  et al. Screening of plant extracts for antimicrobial activity against bacteria and yeasts with 
dermatological relevance. Phytomedicine, v. 14, n. 7-8, p. 508-516, Aug 2007. 
YOO, C. B.  et al. Eugenol isolated from the essential oil of Eugenia caryophyllata induces a reactive oxygen 
species-mediated apoptosis in HL-60 human promyelocytic leukemia cells. Cancer Letters, v. 225, n. 1, p. 
41-52, Jul 8 2005. 
2. Que outras áreas poderiam ser estudadas? 
 Outra área que é importante para o estudo é a avaliação da hidrólise do material residual da extração, 
chamado de bagaço, com o objetivo de aproveitamento do resíduo na obtenção de produtos com maior valor 
agregado. 
3. Quais áreas não devem ser estudadas pois o conhecimento sobre o assunto é satisfatório? 
 Não há a necessidade de se estudar as temperaturas e pressões da pesquisa, uma vez que estes dados 
já foram otimizados anteriormente pelo grupo de pesquisa do LASEFI. 
• O sistema de causas é suficientemente compreendido?                                                                 ( ) Sim      ( ) Não 
• As mudanças foram testadas em pequena escala?                                                                         ( ) Sim      ( ) Não 
•As responsabilidades para implementar e avaliar as mudanças foram comunicadas?                   ( ) Sim       ( ) Não 
• Uma mudança ou ação apropriada foi desenvolvida ou selecionada?                                            ( ) Sim       ( ) Não 
• Há forças na organização que ajudarão ou dificultarão as mudanças?                                           ( ) Sim       ( ) Não 
• As mudanças ou ações melhorarão o desempenho no futuro?                                                       ( ) Sim       ( ) Não 
OBJETIVOS DO PRÓXIMO CICLO 
Redigir a seção “Revisão Bibliográfica”. 
Com os resultados obtidos até o presente momento pode-se responder as questões obtidas no referido 
ciclo, conforme verifica-se abaixo. 




1. Existem informações experimentais ou teóricas publicadas sobre o assunto? 
 Existem algumas informações experimentais e teóricas com relação à extração supercrítica de cravo 
e funcho. No entanto, são poucos artigos e os artigos existentes abordam principalmente aspectos analíticos. 
Praticamente não há trabalhos focando unidades de extração supercrítica com extratores de geometrias 
diferentes com possibilidade de operação em modo contínuo e/ou utilizando cossolvente. 
2. O assunto é relevante? 
 Verifica-se que o assunto proposto para o projeto é de grande relevância e pode proporcionar a 
validação de uma unidade extrativa usando CO2 como fluido supercrítico, sendo esta uma tecnologia em 
ascensão na atualidade. 
3. As publicações estão em fontes referenciáveis? 
 As publicações estão em periódicos internacionais com acesso no mundo todo, como por exemplo, o 
“Journal of Supercritical Fluids”. 
4. Os dados disponíveis são provenientes de laboratórios cuja credibilidade já está estabelecida? 
 Os laboratórios nos quais as pesquisas estão sendo feitas são de credibilidade estabelecida, visto que 
nos citados acima como os principais, o assunto “extração de compostos ativos vegetais por extração 
supercrítica” já vem sendo pesquisado há vários anos. Toma-se como exemplo o LASEFI, que desde 1984 os 
pesquisadores se dedicam em aprimorar o conhecimento de SFE usando vegetais como matéria-prima. 
5. Quem são os autores mais importantes da área? Em que países estes autores realizaram o trabalho? 
Os autores mais representativos da área são: MEIRELES, M. A. A.; BRUNNER, G.; KING, J.; 
PERRUT, M.; DEL VALLE, J. M.; DIAZ-REINOSO, B.; REGLERO, G.; IBANEZ, E.; PALAVRA, A. F.; 
COELHO, J. A. P.; REVERCHON, E. 
6. Quais os periódicos mais citados? 
a) Journal of Supercritical Fluids; 
b) Industrial & Engineering Chemistry; 
c) Chemical Engineering Science; 
d) Journal of Agricultural and Food Chemistry; 
7. Existem patentes sobre o tema? De que locais são elas? 
 No Brasil há 9 patentes envolvendo tecnologia supercrítica. Nos EUA há 1104 patentes de extração 
supercrítica. No entanto, para o assunto de SFE de matrizes vegetais em extratores de leitos definidos 
simulando um processo contínuo não encontrou-se nenhuma patente. 
8. As publicações aconteceram num período determinado? Qual é a situação atual? 
 Como verificamos nos gráficos apresentados no texto acima, a situação atual é de crescimento na 
área geral de SFE. O crescimento começou a se dar no biênio 91/92 sendo ascendente até hoje. No entanto, a 
SFE de alecrim (Rosmarinus oficinallis) nos últimos anos tem se estabilizado em média de 8 trabalhos por 
ano. Já a SFE de cravo está irregular desde 1993 ficando entre 0 e 2 artigos anuais. 
9. Qual é o cenário futuro? 
 A tendência para os próximos anos  é que continue o crescimento de trabalhos científicos com 
enfoque em tecnologia supercrítica. No gráfico abaixo fez-se o ajuste dos dados com uma curva exponencial 
de ordem 2, que ajustou 87 % dos dados. Este ajuste permitiu a inserção de uma curva de tendência, 
possibilitando informar a tendência de artigos a serem publicados em 2011 a 2014 (dados em vermelho). 
Certamente, esta tendência foi obtida para se ter uma noção de como será o cenário futuro. Resultados mais 
concisos demandam uma pesquisa mais detalhada que envolve, além dos dados dos últimos anos, o cenário 
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                                            PDSA 
Data: 12/10/11 
Equipe: Giovani L. Zabot; M. Naves de Moraes;  
M. Angela A. Meireles 
Ciclo nº 02: Redação da Introdução  
            
        
 
                      PLANEJAR 
    
OBJETIVO DO CICLO 
Redigir a seção “Introdução” do projeto de pesquisa. 
 Que conhecimento adicional é necessário para levar a ação? 
É necessário ter conhecimento sobre o tema da pesquisa e sobre conceitos básicos do assunto em destaque que é 
tecnologia supercrítica. 
QUESTÕES A SEREM RESPONDIDAS A PARTIR DOS DADOS OBTIDOS NESTE CICLO 
1. A introdução repassa a noção do tema do projeto? Ela contém informações importantes?  
2. O assunto é abordado de forma concisa e objetiva? Ele é relevante? 
3. O tamanho da introdução está adequado? 
4. As informações contidas na introdução são o panorama dos últimos avanços na área? 
5. Há vícios de linguagem no texto? O texto está escrito em linguagem formal? 
6. Existem frases que expressam ambiguidade? 
7. Há informações em excesso? Há informações que precisam ser inclusas? 
PREDIÇÕES 
A seção “Introdução” será redigida de forma sucinta e objetiva para introduzir o leitor ao assunto que 
será abordado no projeto de pesquisa. Espera-se que na Introdução sejam expressas sentenças que contenham 
informações sobre as perspectivas e tendências futuras do assunto em destaque, mencionando o porquê da 
escolha do referido tema. 
 Há dados históricos disponíveis para responder às questões acima?  
Sim. 
 A equipe concorda com estas predições? 
Sim. 
DESENVOLVA UM PLANO PARA RESPONDER ÀS QUESTÕES (Quem, O que, Onde, Quando, 
Como) 
1. O que será realizado? 
Será escrita a Introdução do projeto de pesquisa. 
2. Quem fará esta seção? 
 
UNICAMP 
Programa Black Belt 
 
Como saberemos se uma  
mudança  é uma melhoria? 
Quais mudanças podemos fazer  
para resultar em  melhorias? 
O que estamos tentando 
 realizar com sucesso? 
  
 Act       Plan 
 
Study     Do    
Modelo para Melhorias 
       P  
 




G. L. Zabot, em colaboração com M. N. de Moraes e orientação de M. A. A. Meireles. 
3. Onde serão obtidas as informações necessárias? 
As informações necessárias para a redação da Introdução serão provenientes de leituras de artigos, 
teses, resumos de patentes e do conhecimento geral adquirido de informações pessoais  de pesquisadores que 
atuam na área por um longo período. 
4. Como será desenvolvida a introdução? 
A Introdução será escrita em 4 a 5 parágrafos, mencionando a ideia do assunto do projeto. Nesse 
caso, o seu conteúdo abordará a tecnologia supercrítica como técnica de  extração nos últimos anos 
enfatizando as vantagens com relação à qualidade dos extratos obtidos de várias matérias -primas. Objetiva-se 
usar poucas referências na “Introdução” mencionando o assunto de uma forma geral. 
5. Quando será escrita esta etapa? 
Planeja-se redigir esta seção no período que compreende entre 12/10/11 a 15/10/11, reservando-se 
3 horas diárias para esta tarefa. 
6. Qual o período será considerado para agrupamento das informações? 
Serão abordados assuntos atuais e as mudanças que ocorreram e continuam ocorrendo nos últimos 
anos na área de tecnologia supercrítica. 
 O seu plano considerou os seguintes métodos: 
 - Formulários Coleta de Dados:                                                         Sim     Não   
 - Diagramas de Pareto:                                                                      Sim     Não   
 - Gráficos de Controle:                                                                       Sim     Não   
 - Histogramas:                                                                                    Sim    Não   
- Experimentação Planejada:                                                             Sim     Não  
- Métodos de Pesquisa:                                                                     Sim     Não   
- Simulação/Modelagem:                                                                   Sim     Não  
- Diagramas de Dispersão:                                                                Sim     Não 
- Gráficos de Tendências:                                                                  Sim    Não 
- Análise de Engenharia:                                                                    Sim     Não 
 Você definiu responsabilidades para a coleta e análise dos dados? 
Sim.  
 É necessário treinamento?  
Sim, é preciso ter conhecimento da língua inglesa e do assunto que será discutido.  
 O plano pode ser conduzido em pequena escala? 
Sim.   
 
                      FAZER 
    
OBSERVAÇÕES AO CONDUZIR O PLANO 
1. A introdução foi escrita em português, para melhor agrupamento das informações. As referências 
bibliográficas foram organizadas no ciclo PDSA número 01 para a escrita do projeto e utilizadas neste 
ciclo PDSA; 
2. As informações foram divididas em 6 parágrafos regularmente divididos, totalizando 2 páginas (528 
palavras) englobando a ideia do projeto; 
3. Os autores, imediatamente após a sua citação, foram armazenados na seção Referências Bibliográficas; 
4. Foram utilizados, além de artigos científicos, livros, resumos de patentes, teses de doutorado e 
dissertações de mestrado. 
5. Escreveu-se a introdução de acordo com as normas estabelecidas pela ABNT. 
        





 Identifique as coisas observadas que não fazem parte do plano.  
O tempo para o agrupamento de informações e a escrita foi maior do que o planejado. 
 Documente o que saiu errado durante a coleta de dados.  
Alguns artigos de interesse não estavam disponíveis, apenas seus resumos.  Algumas patentes não disponibilizavam 
seu texto completo. 
 Comece a análise inicial dos dados assim que forem coletados. 
Este parâmetro foi seguido. 
Avalie os dados quanto a mudanças ao longo do tempo (gráfico de controle ou gráfico de tendência).  
Nas Figura 01 e 02 estão exemplificados o crescimento do número de artigos publicados em periódicos internacionais 
e de patentes com relação à SFE, respectivamente. 
Ano

































Figura A1.4: Evolução do número de trabalhos científicos sobre SFE publicados na base dados ISI Web of 
Science nos últimos 10 anos. 
Ano






























































Todos os métodos de extração
 
Figura A1.5: Evolução do número de patentes sobre todos os métodos de extração e especificamente SFE 









                      ESTUDAR 
    
O QUE FOI APRENDIDO COM OS DADOS? 
Observou-se que o planejamento e o agrupamento das informações necessárias para a redação da 
seção “Introdução” foram muito úteis para o processo de escrita. Aprendeu-se que o tema do projeto de 
mestrado tem grandes possibilidades de ser aceito na sociedade científica, pois é um tema ainda pouco 
abordado e com possibilidades de crescimento. 
COMPARE A ANÁLISE DOS DADOS AO CONHECIMENTO ATUAL 
A análise dos dados obtidos nos permite responder as seguintes questões predispostas na etapa 
“Planejar”: 
1. A introdução repassa a noção do tema do projeto? Ela contém informações importantes? 
Sim. A introdução informa ao leitor o que será destacado ao longo do projeto. As informações 
importantes que atribuem a ideia ao texto foram mencionadas como: a importância da tecnologia supercrítica 
como tecnologia emergente; a qualidade dos extratos obtidos por SFE; e poucos  trabalhos que avaliaram a 
influência da geometria do leito no rendimento dos extratos. 
2. O assunto é abordado de forma concisa e objetiva? Ele é relevante? 
Sim. As frases estão escritas na forma direta e clara. O assunto é relevante, pois, como mencionado, 
aborda o contexto de tecnologia verde, com extratos de qualidade e com tendências futuras para maiores 
expansões. 
3. O tamanho da introdução está adequado? 
A Introdução foi escrita dentro do tamanho planejado, que era de 4 a 5 parágrafos.  
4. As informações contidas na introdução são o panorama dos últimos avanços na área? 
Sim. As informações representam um retrato do cenário atual e perspectivas para o cenário futuro. 
5. Há vícios de linguagem no texto? O texto está escrito em linguagem formal? 
Notaram-se alguns vícios de linguagem no texto.  
6. Existem frases que expressam ambiguidade? 
Não. 
7. Há informações em excesso? Há informações que precisam ser inclusas? 
Acredita-se que as informações contidas na Introdução são o suficiente para este trabalho. 
 Os resultados deste ciclo estão de acordo com as predições feitas na fase de planejamento? 
Sim. 
Quais são as implicações das observações e problemas não planejados durante a coleta de dados? 
Não houve interferências significativas.  












RESUMA O  NO VO  CO NHECIMENTO  O BTIDO  NESTE CICLO   
 
Este ciclo proporcionou a escrita da seção “Introdução” para o projeto de mestrado. Embora não foi 
possível o acesso do texto completo de alguns artigos e patentes, as informações essenciais para o ciclo PDSA 
número 04 foram obtidas, favorecendo no agrupamento do conteúdo. 
 
   
 
                      AGIR    
                
Q UAIS MUDANÇAS DEVEM SER FEITAS AO  PRO CESSO ?  
 
1. Será necessário corrigir alguns vícios de linguagem encontrados no texto. Por isso, sempre serão 
feitas de 2 a 3 revisões para cada parágrafo e de 2 a 3 revisões para o texto na sua íntegra, a fim de 
evitar que isso passe despercebido pelo autor; 
2. Será enviado o texto para o orientador para que faça as devidas correções. 
3.  
 O sistema de causas é suficientemente compreendido?                                                              Sim    Não 
 As mudanças foram testadas em pequena escala?               Sim    Não 
 As responsabilidades para implementar e avaliar as mudanças foram comunicadas?                Sim    Não 
 Uma mudança ou ação apropriada foi desenvolvida ou selecionada?                                        Sim    Não  
 Há forças na organização que ajudarão ou dificultarão as mudanças?                                       Sim    Não 
 As mudanças ou ações melhorarão o desempenho no futuro?                                                   Sim    Não  
O BJETIVO S DO  PRÓ XIMO  CICLO  
 
Redigir a seção “Material e Métodos” para o projeto de mestrado. 
 
     





           
                 
                                    CICLO DE MELHORIA                                 
                                       PDSA 
Data: 16/10/11 
Equipe: Giovani L. Zabot; M. Naves de Moraes;  
M. Angela A. Meireles 
Ciclo nº 03: Redação da seção Material e Métodos  
    
 
                      PLANEJAR 
    
OBJETIVO DO CICLO 
Redigir a seção “Material e Métodos” para o projeto de pesquisa. 
 Que conhecimento adicional é necessário para levar a ação? 
QUESTÕES A SEREM RESPONDIDAS A PARTIR DOS DADOS OBTIDOS NESTE CICLO 
1. Quais são os métodos descritos para este trabalho? 
2. Os objetivos desta seção foram atingidos? 
3. A seção “Material e Métodos” está escrita de maneira clara e objetiva?  
4. Os tópicos estão organizados de forma concisa? 
5. Os equipamentos foram especificados? E os reagentes? 
6. Os equipamentos estão disponíveis no LASEFI ou em outros laboratórios da UNICAMP? 
7. Os gráficos e tabelas apresentados estão numerados sequencialmente? 
PREDIÇÕES 
As informações serão organizadas em itens específicos que representem a linha do processo de 
pesquisa. O conteúdo do texto será exposto de forma que o leitor compreenda e tenha acesso a todos os 
métodos utilizados e saiba da procedência dos materiais envolvidos no processo. 
 Há dados históricos disponíveis para responder às questões acima? 
Sim.  
 A equipe concorda com estas predições? 
Sim. 
DESENVOLVA UM PLANO PARA RESPONDER ÀS QUESTÕES (Quem, O que, Onde, Quando, 
Como) 
1. O que será realizado? 
Será escrita a seção “Material e Métodos” do projeto de pesquisa. 
2. Quem será o responsável pela elaboração? 
G. L. Zabot, em colaboração com M. N. de Moraes e orientação da Profª. M. A. A. Meireles. 
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3. Onde serão buscadas as informações? 
As informações serão obtidas de artigos, livros de métodos analíticos, teses, dissertações e demais 
trabalhos técnicos publicados pelo grupo de pesquisa do LASEFI referente ao determinado assunto. 
4. Como será desenvolvido? 
Os assuntos serão separados por tópicos para facilitar a leitura e compreensão do texto. Os itens  
abordados são destacados a seguir: 




3) Caracterização da amostra; 
3.1) Diâmetro médio das partículas; 
3.2) Umidade; 
3.3) Densidade real, densidade aparente e porosidade; 
4) Unidade supercrítica SFE-2×1L; 
4.1) Cinética de extração; 
4.2) Operação em modo contínuo; 
5) Aumento de escala; 
6) Análises dos extratos; 
6.1) Cromatografia gasosa; 
6.2) Cromatografia em camada delgada; 
6.3 ) Espectrofotometria; 
6.4) Determinação da atividade antioxidante; 
7) Determinação do custo de manufatura; 
5. Quando será realizada esta etapa? 
A etapa de redação da seção “Material e Métodos” será realizada durante uma semana. O seu início 
será no dia 14/10/11 com previsão para término no dia 21/10/11. Serão disponibilizadas 3 horas diárias. 
6. Quais detalhes serão inclusos? 
Serão elaborados procedimentos para melhor compreensão das informações, tais como diagrama de 
fluxo e diagrama esquemático da unidade supercrítica. 
 O seu plano considerou os seguintes métodos: 
 - Formulários Coleta de Dados:                                                         Sim     Não   
 - Diagramas de Pareto:                                                                      Sim     Não   
 - Gráficos de Controle:                                                                       Sim     Não   
 - Histogramas:                                                                                    Sim    Não   
- Experimentação Planejada:                                                             Sim     Não  
- Métodos de Pesquisa:                                                                     Sim     Não   
- Simulação/Modelagem:                                                                   Sim     Não  




- Gráficos de Tendências:                                                                  Sim    Não 
- Análise de Engenharia:                                                                    Sim     Não 
 Você definiu responsabilidades para a coleta e análise dos dados? 
Sim.  
 É necessário treinamento?  
Sim, é preciso ter conhecimento sobre os métodos a serem utilizados neste trabalho. 
 O plano pode ser conduzido em pequena escala? 
Sim.  
 
                      FAZER 
    
OBSERVAÇÕES AO CONDUZIR O PLANO 
1. A especificação dos equipamentos foi obtida diretamente na tarja de identificação dos mesmos, 
no LASEFI; 
2. As metodologias de processo de extração e de análises químicas  foram obtidas de livros, artigos 
e teses de doutorado; 
3. Os autores, imediatamente após a sua citação, foram armazenados na seção Referências 
Bibliográficas; 
4. Escreveu-se a seção Material e Métodos de acordo com as normas estabelecidas pela ABNT 
(Associação Brasileira de Normas Técnicas). 
5. Foram utilizados os seguintes softwares para elaboração da presente seção: MS Word, MS Visio 
e SuperPro Designer 6.0
®
. 
 Identifique as coisas observadas que não fazem parte do plano.  
Será preciso adquirir experiência para usar o software SuperPro Designer 6.0
®
 com maior propriedade. 
 Documente o que saiu errado durante a coleta de dados.  
Alguns trabalhos de interesse não estavam disponíveis. 
 Comece a análise inicial dos dados assim que forem coletados.  
Este parâmetro foi seguido. 
 
                      ESTUDAR 
    
O QUE FOI APRENDIDO COM OS DADOS? 
1. Quais são os métodos descritos para este trabalho? 
Os métodos descritos para a extração serão de acordo com Prado (2010) e Carvalho (2005). A 
determinação de umidade da matéria-prima será pelo método de Jacobs (1973). O diâmetro médio das 
partículas será determinado de acordo com o método recomendado pelas ASAE (1998). A cromatografia em 
camada delgada será realizada segundo Wagner e Bladt (2001) e a atividade antioxidante conforme Leal et 
al., (2003). 
2. Os objetivos desta seção foram atingidos? 
 
        
 S 
 
      





Sim. Tanto as metodologias quanto o material principal que será utilizado no projeto foram 
apresentados no texto, atingindo, portanto, o objetivo do trabalho. 
3. A seção “Material e Métodos” está escrita de maneira clara e objetiva?  
Sim. O texto está escrito de forma direta e pontual. 
4. Os tópicos estão organizados de forma concisa? 
Sim, eles estão distribuídos de maneira ordenada. 
5. Os equipamentos foram especificados? E os reagentes? 
Sim. Todos os equipamentos a serem utilizados no desenvolvimento do projeto foram especificados. 
Os reagentes mencionados não foram especificados sobre sua procedência quanto à marca, por não se ter a 
informação exata de qual empresa os mesmos serão adquiridos. 
6. Os equipamentos estão disponíveis no LASEFI ou em outros laboratórios da UNICAMP? 
Todas as análises poderão ser feitas no LASEFI, exceto a análise de picnometria com gás hélio para a 
determinação da densidade real das amostras que será realizada no Instituto de Química da Unicamp. 
7. Os gráficos e tabelas apresentados estão numerados sequencialmente? 
Sim. 
 Os resultados deste ciclo estão de acordo com as predições feitas na fase de planejamento? 
Sim. 
 Quais são as implicações das observações e problemas não planejados durante a coleta de dados? 
Não houve interferências significativas.  
 Os dados ajudam a responder as questões colocadas no plano? 
 Sim. 
RESUMA O  NO VO  CO NHECIMENTO  O BTIDO  NESTE CICLO   
1. Este ciclo proporcionou a escrita da seção “Material e Métodos” para o projeto de mestrado. A 
organização das informações em tópicos auxiliou na redação; 
2. Foi possível concentrar informações importantes em diagramas, reduzindo o tamanho do texto e 
facilitando na compreensão do leitor. 
   
 
                      AGIR    
                
Q UAIS MUDANÇAS DEVEM SER FEITAS AO  PRO CESSO ?  
Não será necessário fazer mudanças ao processo. As mudanças serão feitas após avaliação do 
orientador responsável pelo projeto que fará as devidas correções e sugestões. 
  
O BJETIVO S DO  PRÓ XIMO  CICLO  
Elaborar Ciclo PDSA para a seleção do periódico para artigo de revisão. 
 
     





           
                 
   CICLO DE MELHORIA                                 
                                                 PDSA 
Data: 22/10/2011  
Equipe: Giovani L. Zabot, Moysés N. de Moraes e  
M. Angela A. Meireles 
Ciclo nº 04: Seleção do periódico 
            
         
 
                      PLANEJAR 
    
                     
OBJETIVO DO CICLO 
O objetivo deste ciclo é a seleção do periódico mais adequado à submissão do artigo de revisão 
para sua publicação.  
 
 Que conhecimento adicional é necessário para levar a ação? 
É necessário que o grupo de pesquisa tenha decidido sobre o assunto da pesquisa. 
QUESTÕES A SEREM RESPONDIDAS A PARTIR DOS DADOS OBTIDOS NESTE CICLO 
1. Quais são o fator de impacto do periódico e o índice QUALIS? Há quanto tempo este periódico 
existe? 
2. Há publicações de artigos de revisão neste periódico? Qual é o público alvo? 
3. O assunto do artigo de revisão a ser submetido está no escopo do periódico? Qual é o escopo? 
4. Quem são os editores? 
5. O periódico possui assinatura ou a sua base de dados é aberta? Aonde o periódico é indexado? 
6. Quantas edições são publicadas por ano? 
7. Quem são os autores mais citados? 
8. O periódico disponibiliza template no site? As normas estão acessíveis para os autores? 
9. Porque se escolheu este periódico? Porque outros periódicos foram descartados?  
PREDIÇÕES 
Almeja-se obter informações necessárias para escolher o periódico com maior relevância ao assunto 
para a submissão do manuscrito de revisão. O assunto envolve a análise de extratores em processos de 
extração supercrítica (SFE) e seus aspectos econômicos de aplicação industrial. Projeta-se encontrar um 
periódico que preencha as expectativas, isto é, que no seu escopo haja o aceite de artigos de revisão para o 
referido assunto, tenha alto fator de impacto e que tenha expressiva contribuição na sociedade, medidas 
através de citações. 
 Há dados históricos disponíveis para responder às questões acima?  
Sim. Os dados podem ser obtidos diretamente nos sites dos periódicos ou em sites de bases de dados. 
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DESENVOLVA UM PLANO PARA RESPONDER ÀS QUESTÕES (Quem, O que, Onde, Quando, 
Como) 
1. O que será feito?  
 Nesta etapa haverá a escolha do periódico para a submissão do artigo de revisão. 
2. Quem fará o levantamento e seleção? 
O levantamento e a seleção do periódico serão feitos por Giovani L. Zabot. As dúvidas serão 
esclarecidas com Moysés N. de Moraes, bem como sugestões. As indicações dos periódicos serão obtidas em 
colaboração com a Profª. M. Angela A. Meireles.  
2. Onde serão obtidos os dados? 
 Serão obtidos os dados diretamente no site das revistas  ou em sites de banco de dados, como ISI 
WEB OF SCIENCE ou SCOPUS. 
3. Como procederá para a aquisição das informações? 
 Serão buscados arquivos nos quais estão disponibilizadas informações úteis para a escolha, tais como 
fator de impacto, escopo da revista, editores, citações e template. 
4. Quando esta etapa será desenvolvida? 
 Esta etapa será realizada nos dias 22/09/11 e 23/09/11, reservando-se 3 horas diárias para esta 
função. Se for necessário tempo adicional, será reservado dia 26/09/11 para o encerramento deste ciclo. 
5. Qual o período avaliado? 
O período avaliado serão os últimos 10 anos, para verificar se houve ascensão, estabilidade ou queda. 
6. Quais revistas serão pesquisadas? 
Food Engineering Reviews; 
Food Research International; 
Food Science and Technology International; 
Journal of Food Engineering; 
Recent Patents on Engineering; 
The Open Chemical Engineering Journal; 
Trends in Food Science & Technology; 
Industrial and Engineering Chemical Research; 
6. Qual será o critério de avaliação? 
O critério de avaliação levará em conta a influência do periódico no meio científico e a relação 
entre seu escopo e os objetivos do trabalho de revisão. Os itens avaliados serão: 
 Fator de impacto; 
 Escopo do periódico; 
 Número de citações; 
 Indexações; 
 Tipos de publicações predominantes (Artigos de revisão, artigos experimentais...).   
 Indicação do orientador; 
 O seu plano considerou os seguintes métodos: 
 - Formulários Coleta de Dados:  Sim   x Não - Experimentação Planejada:  Sim  x Não - Diagramas de Dispersão: x Sim     Não 
 - Diagramas de Pareto:              Sim   x Não - Métodos de Pesquisa:          Sim  x Não - Gráficos de Tendências:   Sim  x  Não 
 - Gráficos de Controle:                Sim   x Não - Simulação/Modelagem:        Sim   x Não - Análise de Engenharia:     Sim  x  Não 





 Você definiu responsabilidades para a coleta e análise dos dados? 
Sim. A coleta dos dados será feita no próprio site (sites confiáveis), sendo que serão avaliados no mínimo 5 
periódicos.   
 É necessário treinamento? 
Não. Embora esta tarefa exija conhecimento para a obtenção e agrupamento das informações, não é necessário 
treinamento. 
O plano é consistente com o contrato? 
Sim.  
 O plano pode ser conduzido em pequena escala?  
Sim. 
 Você considerou as pessoas de fora da equipe que serão afetadas por este plano?  
Pessoas fora da equipe não serão afetadas por este plano. 
 
                      FAZER 
    
                     
OBSERVAÇÕES AO CONDUZIR O PLANO 




























































































Fator de impacto atual 
Fator de impacto 5 anos 
 
 
Figura A1.6: Fator de impacto dos periódicos avaliados. 
Segundo a Qualis Capes, a classificação dos periódicos para 2009 é conforme apresentado na 
  






Tabela A1.2: Critérios de classificação dos periódicos segundo o QUALIS de 2009 
Classificação  Critérios 
A1 Fator de impacto JCR maior ou igual a 2,60 
A2 Fator de impacto JCR entre 2,00 e 2,59 
B1 Fator de impacto JCR entre 0,9 e 1,99 
B2 
Fator de impacto JCR entre 0,01 e 0,89; ou  
Indexado em quatro das bases indexadoras* ou  
Indexado em três base indexadoras*, sendo 1 = FSTA, 
B3 
Indexado em três bases indexadoras*, ou  
Indexado em duas bases indexadoras*, sendo 1 = FSTA 
B4 
Indexado em duas bases indexadoras*, ou 
Indexado apenas na FSTA 
B5 Indexado em uma base indexadora* 
C Impróprios ou que não atendam aos critérios explicitados para os outros estratos 
JCR – Journal of Citation Reports. 
* Bases indexadoras:  
ISI -  Science Citation Index, Current s Contents (ISI – USA) 
CAB – Commonwealth Agricultural Bureau (CAB – UK) 
BIOSIS – Biological Abstracts (BIOSIS – USA) 
SCIELO – Scientific Eletronic Library Online 
FSTA – Food Science and Technology Abstracts (FSTA – USA) 
As informações obtidas sobre os periódicos estão destacadas na Tabela 2. Nela visualiza-se para 




Tabela A1.3: Informações de periódicos que possuem em seus escopos assuntos afins com a revisão do 
projeto 
Revista Fator de 
impacto 






Publica revisões e artigos de revisão e edições 
temáticas com foco sobre recentes patentes no 
campo da engenharia. O jornal é de leitura 














Publica revisões abordando todos os aspectos 
em Engenharia de Alimentos. Os artigos 
devem considerar tópicos que mencionem 
aspectos de saúde, nutrição e preocupações 
ambientais. Fatores de processo são o foco na 














Processos em engenharia de alimentos, 
segurança alimentar composição,  
biotecnologia, qualidade, propriedades físicas 












Publica fonts de informação na área da 
engenharia. A ênfase está na publicação de 
artigos de qualidade e de acesso rápido, além 













Materials science of foods microbiology 
chemistry and analysis process engineering, 
food physics, safety, quality, sensory studies, 














Propriedades dos alimentos, físico-química de 
alimentos aspectos de produção e design, 
plantas, equipamentos, e viabilidade 
econômica de processos. 
Sim 












Compostos bioativos, ingredientes e 
tecnologia molecular, micro e macro estruturas 














Síntese, análise e controle de processos, 
Correlação de dados, modelagem e scale-up 










Food Eng Rev: 38
Food Sci and Tech Int: 54
The Open Chem Eng J: 33 
Food Res Int: 316
J Food Eng: 431
Trends in Food Sci & Tech: 58
Ind & Eng Chem Res: 1438 
Figura A1.7. Números de publicações por periódico desde sua existência, 
 Identifique as coisas observadas que não fazem parte do plano. 
Observou-se que alguns periódicos não possuem fator de impacto. 
 Documente o que saiu errado durante a coleta de dados. 
Não foi possível obter o número de publicações do periódico ―Recent Patents on Engineering‖, devido à sua base de dados 
ser restrita a assinantes, 
 Comece a análise inicial dos dados assim que forem coletados. 
Este item foi procedido de forma correta. 
 Avalie os dados quanto a mudanças ao longo do tempo (gráfico de controle ou gráfico de tendência). 
Na Figura 1 fica evidenciado que o fator de impacto dos periódicos está diminuindo ao longo do tempo (fator de impacto 
de 5 anos ser maior do que o atual). Isso se deve à entrada de novos periódicos no ramo de publicação científica, 
permitindo maiores opções de escolha para os autores na hora da publicação de um artigo. 
Fundamentando-se nas informações acima e nos objetivos do artigo de revisão científica, o 
periódico escolhido foi ―Recent Patents on Engineering‖. 
ESTUDAR 
    
O QUE FOI APRENDIDO COM OS DADOS? 
1. Quais são o fator de impacto do periódico e índice QUALIS? Há quanto tempo este periódico existe?
Como este periódico é novo, ainda não foi calculado o seu fator de impacto. O fator de impacto de 





o número de citações nos dois anos seguintes daqueles artigos. Conforme Tabela 1, o índice Qualis é B2. 
2. Há publicações de artigos de revisão neste periódico? Qual é o público alvo? 
 Sim. O foco deste periódico é a publicação de artigos de revisão que agrupem informações sobre 
aspectos relacionados aos avanços em engenharias, com destaque para patentes. Além disso, possui destaque 
na publicação de artigos científicos que demonstrem resultados experimentais. O público alvo são 
pesquisadores na área de engenharia de processos. 
3. O assunto do artigo de revisão a ser submetido está no escopo do periódico? Qual é o escopo? 
 Sim. O escopo do artigo é a apresentação de revisões na área de engenharia de processos e 
fenômenos de transporte, os quais são o objetivo do manuscrito de revisão a ser submet ido.  
4. Quem são os editores? 
Editor-Chefe: Jianjun Yu, The School of Information Science and Engineering Fudan University, 220 
Hantan Rd, Shanghai, 200433 - China 
Além disso, há outros 51 pesquisadores fazendo parte do corpo editorial da revista. 
5. O periódico possui assinatura ou a sua base de dados é aberta? Aonde o periódico é indexado? 
 A base de dados é por meio de assinatura. As indexações são: PASCAL, Scopus, Compendex, 
Chemical Abstracts, The Engineering Index Monthly, Cambridge Scientific Abstract (CSA), METADEX, 
Inspec Database, Genamics JournalSeek, MediaFinder®-Standard Periodical Directory, J-Gate, PubsHub. 
6. Quantas edições são publicadas por ano? 
 São publicadas 3 edições anuais. 
7. Quais são os autores mais citados? 
 Os autores mais citados são: Sablani, Shyam S.; Syamaladevi, Roopesh M.; Swanson, Barry G.; 
Abiad, M. G.; Carvajal, M. T.; Campanella, O. H.; Gözke, Gözde; Posten, Clemens; Stoforos, Nikolaos G.; 
Pliquett, Uwe; 
8. O periódico disponibiliza template no site? As normas estão acessíveis para os autores? 
 Sim. As normas são as seguintes: 
 O resumo deve ter entre 150 e 250 palavras, e não deve conter nenhuma abreviação que não 
foi definida ou referência não especificada.  
 Deve ser especificadas entre 4 e 6 palavras-chaves. 
 Salvar o manuscrito em doc e não docx. As configurações de fonte estão presentes no 
template disponibilizado no site (http://www.springer.com/food+science/journal/12393) do 
periódico. 
 Na divisão de níveis do artigo são permitidos apenas três níveis. 
 Abreviações são definidas na primeira vez que é mencionada no corpo do texto. 
 As linhas nas tabelas devem ser pelo menos 0,1 mm (0,3 pt) de largura. 
 Gráficos e figuras digitalizados em formato bitmap devem ter uma resolução mínima de 
1200 dpi. 




 Arte colorida é gratuita para a publicação online, mas na versão impressa será utilizado 
preto e branco, então aconselha que certifique que haja visibilidade adequada no arquivo 
(gráfico, figura, foto). Recomenda-se tirar uma cópia xerográfica para averiguar se as 
necessárias distinções entre as diferentes cores são aparentes. 
 A configuração das cores deve ser RGB (8 bits por canal). 
 Usar tamanho de fonte entre 8 e 12 pt e fonte Helvetica ou Arial e manter um padrão no 
uso. Evitar efeitos como sombreamento, não incluir títulos ou legendas dentro das 
ilustrações. 
 A numeração das figuras deve ser em algarismos arábicos e caso faça distinção em partes 
devem ser indicadas por letras minúsculas (a, b, c, etc.). 
 Cada figura deve ter uma legenda concisa descrevendo com precisão o que a figura retrata. 
Incluir as legendas no arquivo de texto do manuscrito, e não no arquivo da figura. 
 As legendas das figuras devem começar com “Fig.” em negrito, seguido do número da 
figura também em negrito. 
 As figuras devem ser 39 mm, 84 mm, 129 mm ou 174 mm de largura e não superior a 234 
mm. 
 Indicar o programa gráfico que foi usado para criar a figura (obra de arte). Para gráficos 
vetoriais, o formato preferido é EPS caso contrário use o formato TIFF. 
 Nomeie suas figuras com “Fig” e o número da figura, por exemplo, Fig1.eps. 
9. Porque se escolheu este periódico? 
 A escolha deste periódico está fundamentada na relação entre o escopo da revista e o objetivo do 
artigo de revisão, sendo que o periódico selecionado aborda vários aspectos que estão na perspectiva de 
publicação do referido trabalho. Os tópicos em destaque são: 
  Engenharia de processos; 
  Fenômenos de transporte e processamento em alimentos; 
  Design de equipamentos e plantas em alimentos; 
  Publicações e patentes depositadas; 
  Considerações econômicas em engenharia de alimentos. 
CO MPARE A ANÁLISE DO S DADO S AO  CO NHECIMENTO  ATUAL 
As informações obtidas nos itens acima permitem destacar que o manuscrito de revisão pode ser submetido a 
este periódico. Nos últimos anos não houve publicação de nenhum artigo de revisão enfatizando SFE em diferentes 




 Os resultados deste ciclo estão de acordo com as predições feitas na fase de planejamento? 
Sim. Os resultados estão dentro das predições, mesmo a revista não tendo fator de impacto calculado 
ainda. 
 Sob quais condições as conclusões deste ciclo poderiam ser diferentes?  
As conclusões deste ciclo poderiam ser diferentes se alguns dos itens abaixo fossem encontrados:  
Artigo de revisão já publicado no mesmo assunto do objetivo deste manuscrito ; 
Escopo do periódico diferente; 
Revistas com fator de impacto mais expressivo. 
 Quais são as implicações das observações e problemas não planejados durante a coleta de dados? 
A falta de fator de impacto de alguns periódicos limitou maiores critérios de análises entre os periódicos.  
 Os dados ajudam a responder as questões colocadas no plano? 
Sim. 
RESUMA O  NO VO  CO NHECIMENTO  O BTIDO  NESTE CICLO   
Este ciclo proporcionou a obtenção de informações relevantes e necessárias para a seleção do 
periódico. Observou-se que a escolha do periódico é uma etapa decisiva para que a publicação seja impactante 
no meio científico. Assim, a organização dos dados no item “Fazer” ajudou a selecionar a revista e a 
responder as questões formuladas na etapa “Planejar”. De acordo com o que evidenciou-se com o 
levantamento das informações, constata-se que o tema proposto pode ser estudado ainda e pode proporcionar 
resultados relevantes para a área. 
 Revise o conhecimento atual para refletir este aprendizado (atualize fluxogramas e diagramas de causa e efeito).  
 Este novo conhecimento se aplicará em todos os lugares? 
   
 
                      AGIR    
                
      
Q UAIS MUDANÇAS DEVEM SER FEITAS AO  PRO CESSO ?  
A apresentação dos dados na Tabela 1 foi útil para a avaliação e seleção do periódico, considerando-
se um ponto positivo. Constatou-se, por outro lado, que alguns itens ficaram faltando. Por exemplo, neste 
ciclo será preciso incluir o cronograma das atividades desenvolvidas. Assim sendo, a partir do gráfico de 
Gantt (anexo) são demonstrados o quê e quando foi feito. 
 O sistema de causas é suficientemente compreendido?                                                              Sim    Não 
 As mudanças foram testadas em pequena escala?               Sim    Não 
 As responsabilidades para implementar e avaliar as mudanças foram comunicadas?                Sim    Não 
 Uma mudança ou ação apropriada foi desenvolvida ou selecionada?                                        Sim    Não  
 Há forças na organização que ajudarão ou dificultarão as mudanças?                                       Sim    Não 
 As mudanças ou ações melhorarão o desempenho no futuro?                                                   Sim    Não  
O BJETIVO S DO  PRÓ XIMO  CICLO  
PDSA para Figuras e Tabelas. 
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Ciclo nº 05: Tabelas e Figuras  
 
 
                      PLANEJAR 
    
OBJETIVO DO CICLO 
Este ciclo tem como objetivo o planejamento e a estruturação de Tabelas e Figuras para o manuscrito 
de revisão com o tema “Extração Supercrítica de Compostos de Matérias-Primas Vegetais em Extratores de 
Diferentes Volumes e Avaliação Econômica” a ser submetido para o periódico “Recent Patents on 
Engineering”. 
 Que conhecimento adicional é necessário para levar a ação? 
É necessário ter definido o tema a ser revisado, saber em qual periódico será submetido o manuscrito, devido às 
normas estabelecidas pela revista, e saber previamente quais informações serão agrupadas nas Tabelas e Figuras.  
QUESTÕES A SEREM RESPONDIDAS A PARTIR DOS DADOS OBTIDOS NESTE CICLO 
1. As informações contidas nas Tabelas e Figuras são relevantes ou podem ser especificadas no texto 
sem o uso destas ilustrações? 
2. As Tabelas e Figuras são estruturadas de forma correta? Qual será o tamanho e a resolução? 
3. Elas seguem as normas da revista onde o manuscrito será submetido? 
4. As Tabelas e Figuras estão legíveis? O leitor consegue identificar o que está sendo mostrado no 
trabalho? 
PREDIÇÕES 
As informações serão organizadas em Tabelas e Figuras de tal modo que o leitor possa entender 
claramente qual o conteúdo queremos repassar. Para o referido manuscrito idealiza-se estruturar 3 Tabelas e 3 
Figuras que apresentem e sintetizem o assunto investigado na revisão. 
 Há dados históricos disponíveis para responder às questões acima?  
Sim. 
DESENVOLVA UM PLANO PARA RESPONDER ÀS QUESTÕES (Quem, O que, Onde, Quando, 
Como) 
1. O que será realizado? 
Serão planejados modelos de Tabelas e Figuras para serem apresentados no manuscrito de revisão. 
2. Quem fará esta seção? 
 
UNICAMP 
Programa Black Belt 
 
Como saberemos se uma  
mudança  é uma melhoria? 
Quais mudanças podemos fazer  
para resultar em  melhorias? 
O que estamos tentando 
 realizar com sucesso? 
  
 Act       Plan 
 
Study     Do    
Modelo para Melhorias 
       P  
 




G. L. Zabot, em colaboração com M. N. de Moraes e orientação de M. A. A. Meireles. 
3. Onde serão obtidas as informações necessárias? 
As informações necessárias para a elaboração de Tabelas e Figuras serão provenientes de leituras de 
artigos, teses, resumos de patentes e demais trabalhos científicos publicados e que são fontes referenciáveis. 
4. Como as Tabelas e Figuras serão elaboradas? 
A elaboração das Tabelas e Figuras contará com o auxílio de programas computacionais (MS Word, 
MS Excel, MS Visio, Sigma Plot, OriginLab e Corel Draw). Para as Tabelas, os dados serão compilados em 
linhas e colunas de tal forma que os mesmos fiquem bem apresentados, resultando em boa impressão , por 
parte do leitor, sobre o trabalho. As Figuras serão de tamanho grande e a fonte da letra será Arial de tamanho 
ideal para leitura. Será montado um organograma para facilitar o agrupamento das informações. 
5. Quando será desenvolvida esta etapa? 
Planeja-se redigir esta seção no período que compreende entre 30/11/11 a 05/12/11, reservando-se 
2 horas diárias para esta tarefa. 
6. Qual o período será considerado para agrupamento das informações? 
Serão abordados assuntos atuais e as mudanças que ocorreram e continuam ocorrendo nos últimos 5 
anos na área de tecnologia supercrítica, focando trabalhos científicos que publicaram assuntos de interesse e 
compatíveis com o tema da revisão bibliográfica deste trabalho. 
 O seu plano considerou os seguintes métodos: 
 - Formulários Coleta de Dados:                                                          Sim    Não   
 - Diagramas de Pareto:                                                                      Sim     Não   
 - Gráficos de Controle:                                                                       Sim     Não   
 - Histogramas:                                                                                    Sim    Não   
- Experimentação Planejada:                                                             Sim     Não  
- Métodos de Pesquisa:                                                                     Sim    Não   
- Simulação/Modelagem:                                                                   Sim     Não  
- Diagramas de Dispersão:                                                                Sim     Não 
- Gráficos de Tendências:                                                                  Sim    Não 
- Análise de Engenharia:                                                                    Sim     Não 
 Você definiu responsabilidades para a coleta e análise dos dados? 
Sim.  
 É necessário treinamento?  
Sim, é preciso ter conhecimento da língua inglesa e do assunto que será discutido.  
 O plano pode ser conduzido em pequena escala? 
Sim. 
 
                      FAZER 
    
OBSERVAÇÕES AO CONDUZIR O PLANO 
Nesse ponto são relatados aspectos considerados importantes para o desenvolvimento do trabalho, 
consistindo de apontamentos e observações essenciais para a escrita e formatação do manuscrito, favorecendo 
na melhor apresentação das informações. Os itens relevantes são destacados a seguir e, na sequência, 
apresenta-se o organograma demonstrativo sobre Tabelas e Figuras que serão construídas para o manuscrito 
de revisão. 
 
        





1. A numeração das Tabelas e Figuras consistirá de numerais arábicos, sendo que as mesmas serão 
citadas no texto em ordem sequencial; 
2. As Figuras e Tabelas que são citações serão referenciadas pelos autores de origem precedidas da 
palavra “adaptado de”, quando necessário; 
3. As ilustrações serão elaboradas com a qualidade máxima (máxima resolução dpi) e 
preferencialmente salvas em formato “.TIFF”; 
4. As Tabelas e Figuras gráficas serão apresentadas em preto e branco. Isso facilita para a 
publicação do formato impresso pela revista. Se houver necessidade, a Figura que for colorida 
será ajustada de tal forma que, quando impressa em preto e branco, seja compreensível;  
5. Os eixos e as legendas serão de fonte Arial de tamanho grande; 
6. Não serão inclusos títulos e legendas na parte interna das Figuras;  
7. Conforme norma do periódico “Recent Patents on Engineering” as Figuras serão nomeadas 
como “Fig. 1”, por exemplo, e não haverá pontuação no final da legenda. Esta mesma regra 



















































As Tabelas serão construídas com o auxílio do programa computacional MS Excel 2010. Na Tabela 
abaixo estão destacadas as especificações de assuntos que serão abordados em cada uma. 
Tabela A1.4: Delineamento das informações a ser apresentadas nas Tabelas do manuscrito de revisão 
Tema Descrição 
Tabela 1 
Unidades SFE Compreenderá informações sobre trabalhos científicos e suas referências que mencionam o 




Consistirá de dados referentes a trabalhos científicos publicados nos últimos 5 anos sobre 
unidades supercríticas laboratoriais contendo os componentes de interesse a serem extraídos, 
as condições operacionais envolvidas e o volume do(s) extrator(es) utilizado(s), incluindo 




Agrupará conteúdo que faz alusão ao custo de manufatura do extrato de interesse. Esta 
tabela abordará os valores de cada custo específico, comparando os valores entre diversas 
matérias-primas e diferentes condições operacionais  
FIGURAS 
As Figuras serão construídas com o auxílio dos programas computacionais  MS Excel 2010, e/ou 
Sigma Plot e/ou OriginLab, no caso de gráficos. Para ilustrações serão usados MS Visio e Corel Draw. Na 
Tabela abaixo estão destacadas as especificações de assuntos que serão abordados em cada uma das Figuras. 





Nesta Figura serão compilados dados sobre rendimentos globais para diferentes 
processos SFE, abordando as cinéticas de extração. Serão plotados também o s 
rendimentos de extrato versus a massa de solvente/massa de alimentação.  
Figura 2 
Diagrama 
Processo SFE em 
modo contínuo 
Envolverá um diagrama esquemático a ser montado no MS Visio 2010 dispondo um 
processo de extração supercrítica em modo contínuo 
Figura 3 
Distribuição da 
aplicação da SFE 
Será construído um gráfico em formato de pizza reunindo o percentual de trabalhos 
científicos publicados nos últimos 5 anos que trabalharam com SFE com o objetivo de 
(1) extrair e separar óleos vegetais, (2) obter antioxidantes a partir de plantas, (3) obter 
fragrâncias e compostos aromáticos, (4) remoção de pesticidas e (5) demais trabalhos. A 






































... ... ... ... ... ... ... ... ... ... 
Um exemplo de Figura é visualizado abaixo, para uma determinada matéria-prima: 
Tempo/60 (s)





















 Identifique as coisas observadas que não fazem parte do plano.  
O tempo para o agrupamento de informações foi maior do que o planejado.  
 Documente o que saiu errado durante a coleta de dados. 
Alguns artigos de interesse não estavam disponíveis, apenas seus resumos.  Algumas patentes não disponibilizavam 
seu texto completo. 
 Comece a análise inicial dos dados assim que forem coletados.  
Este parâmetro foi seguido. 
 Avalie os dados quanto a mudanças ao longo do tempo (gráfico de controle ou gráfico de tendência).  
As informações contidas a seguir são a representação das mudanças que vem acontecendo nos últimos anos sobre 
publicações de Tabelas e Figuras em trabalhos científicos referenciáveis. Esta avaliação foi feita com base em artigos 






                      ESTUDAR 
    
O QUE FOI APRENDIDO COM OS DADOS? 
Observou-se que o planejamento e a estruturação das informações necessárias para a construção das 
Tabelas e Figuras para o manuscrito de revisão favorecem na redação do texto e na apresentação do conteúdo. 
Embora ainda existam artigos publicados atualmente com Tabelas e Figuras confusas, a estruturação das 
mesmas está cada vez melhor, pois o meio científico está gradualmente mais exigente. Nesse contexto, a 
qualidade geral do trabalho é, em grande parte, determinada pela organização , qualidade e conteúdo das 
ilustrações facilmente compreensíveis. 
 COMPARE A ANÁLISE DOS DADOS AO CONHECIMENTO ATUAL 
A análise dos dados obtidos nos permite responder as seguintes questões predispostas na etapa 
“Planejar”: 
1. As informações contidas nas Tabelas e Figuras são relevantes ou podem ser es pecificadas no texto 
sem o uso destas ilustrações? 
É de grande valia a compilação dos dados em Figuras e Tabelas, pois facilita a visualização das 
informações rapidamente. Pela estruturação dos modelos destacados nos Quadros 01 e 02 o conteúdo em cada 
Tabela e Figura é amplo, sendo relevante apresentá-lo como ilustração e não diretamente como texto. 
2. As Tabelas e Figuras são estruturadas de forma correta? Quais serão o tamanho e a resolução? 
São 3 Tabelas e 3 Figuras. As Tabelas são elaboradas de tal forma que os dados não fiquem 
repetitivos e as referências são mencionadas na última coluna. As Figuras terão resolução máxima e tamanho 
grande. 
3. Elas seguem as normas da revista? 
Sim. As ilustrações são fundamentadas de acordo com o “Author information” estabelecidas pela 






revista “Recent Patents on Engineering”. 
4. As Tabelas e Figuras estão legíveis? O leitor consegue identificar o que está sendo mostrado no 
trabalho? 
Sim. As legendas e títulos das ilustrações ficarão na parte externa, deixando a parte interna menos 
poluída. O conteúdo abordado indicará ao leitor diretamente a informação, possibilitando ao mesmo a 
identificação do que está sendo mostrado. As Figuras serão de diferentes formas (gráficos de linhas, dispersão 
e pizza, além de diagramas esquemáticos de unidades de extração com fluido supercrítico).  
 Os resultados deste ciclo estão de acordo com as predições feitas na fase de planejamento? 
Sim. 
 Quais são as implicações das observações e problemas não planejados durante a coleta de dados? 
Não houve interferências significativas.  
 Os dados ajudam a responder as questões colocadas no plano? 
Sim. 
RESUMA O  NO VO  CO NHECIMENTO  O BTIDO  NESTE CICLO   
Este ciclo proporcionou o planejamento da seção “Tabelas e Figuras” para o manuscrito de revisão a 
ser submetido para o periódico Recent Patents on Engineering. Aprendeu-se, a partir da elaboração do PDSA 
nº 06, que um trabalho bem apresentável tem grande possibilidade de ter aceitação pelos revisores e leitores. 
Nisso, com a crescente concorrência nessa área, os  destaques podem ser atingidos quando se faz Tabelas e 
Figuras de qualidade, compreensíveis e com conteúdo que atrai ao leitor a entender os resultados através de 
uma rápida interpretação.  
   
 
                      AGIR    
                
QUAIS MUDANÇAS DEVEM SER FEITAS AO PROCESSO?  
1. Será necessário fazer um levantamento mais detalhado de todas as informações publicadas nos últimos 5 
anos nas bases de dados ISI Web of Science e Scopus para agrupar dados de interesse como: volume de 
extratores SFE, geometrias de leitos, tipos de matérias -primas e parâmetros de processo. Após o 
agrupamento serão elaboradas as Tabelas e Figuras; 
2. A etapa de construção e formatação de Tabelas e Figuras, prevista para dezembro de 2011, ficará para 
janeiro de 2012; 
3. Será feita uma avaliação minuciosa do conteúdo presente nas Tabelas e Figuras a fim de evitar erros 
ortográficos, inconsistências, referências incorretas e sobreposições de dados . 
 O sistema de causas é suficientemente compreendido?                                                              Sim    Não 
 As mudanças foram testadas em pequena escala?               Sim    Não 
 As responsabilidades para implementar e avaliar as mudanças foram comunicadas?                Sim    Não 
 Uma mudança ou ação apropriada foi desenvolvida ou selecionada?                                        Sim    Não  
 Há forças na organização que ajudarão ou dificultarão as mudanças?                                       Sim    Não 
 As mudanças ou ações melhorarão o desempenho no futuro?                                                   Sim    Não  
O BJETIVO S DO  PRÓ XIMO  CICLO  
Submeter o artigo de revisão. 
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PDSA 06 Autores G. Zabot e M. Moraes Supervisora M. A. Meireles Data 08/09/2012 
 
OBJETIVO 
Assegurar a montagem correta da Unidade de Extração com Fluido Supercrítico SFE 2×1L e 
verificar seu funcionamento 
 
QUESTÕES PREDIÇÕES 
1) As linhas (correntes de fluxo) do sistema foram definidas e dispostas na 
unidade SFE 2×1L de forma correta? 
Sim 
2) A rede elétrica suporta a carga energética dos equipamentos que compõe a 
referida unidade? 
Sim 
3) Os equipamentos estão aptos a funcionar? Sim 
4) Há vazamentos de solvente nas conexões presentes nas linhas do sistema? Não 
5) Há vazamentos de solvente nos elementos de vedação (principalmente as 
gaxetas) dos extratores? 
Não 
6) A pressão média exercida pelo compressor de ar é suficiente para o processo? Sim 




PLANO PARA RESPONDER AS QUESTÕES 
Os responsáveis (autores) seguirão a metodologia descrita abaixo: 
 Solicitar inspeção da montagem da unidade SFE 2×1L, bem como das linhas de fluxo, a ser 
realizada pelo técnico responsável pelo LASEFI, Sr. Ariovaldo Astini; 
 Inspecionar a rede elétrica onde os equipamentos serão conectados;  
 Programar as condições dos banhos termostáticos e das mantas de aquecimento; 
 Verificar se as válvulas de bloqueio estão fechadas e pressurizar as linhas do sistema; 
 Observar se há vazamentos nas linhas de fluxo e/ou nos extratores e anotar todas as 
informações relevantes e úteis. 
 
Observações ao conduzir o plano 
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unidade procederam-se os engates e apertos das conexões necessários para obtenção da vedação. 
Portanto, este item esteve em concordância com o que foi predito; 
 No entanto, vazamentos foram observados nas gaxetas dos extratores. Este fato impediu a 
pressurização total do sistema. Assim, este item esteve em discordância com o que foi predito; 
 Observaram-se, também, vazamentos no filtro de ar comprimido e nas entradas/saídas dos dois 
extratores; 
 A válvula Back-Pressure (BP) apresentou danos em seu funcionamento, a qual precisou ser trocada 
por outra válvula BP; 
 As demais questões elaboradas na etapa PLAN foram devidamente respondidas e os resultados 
foram iguais aos preditos. 
 
O que foi aprendido com os dados 
a) Antes de qualquer procedimento de extração é preciso verificar  se as conexões estão apertadas 
de forma suficiente; 
b) Elaborou-se um check list para que o processo de start up da unidade fosse padronizado e que a 
referida unidade possa ter a maior vida útil possível; 
c) Para evitar vazamento nas gaxetas dos extratores é preciso aquecê-las previamente em temperaturas 
amenas. Isto faz com que elas se expandam, proporcionando a vedação desejada. 
 
 
Quais mudanças devem ser feitas ao processo 
 Criar procedimento operacional padronizado da unidade SFE 2×1L. 
Objetivos do próximo ciclo 
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PDSA 07 Autores G. Zabot e M. Moraes Supervisora M. A. Meireles Data 09/10/2012 
 
OBJETIVO Aprender como é o funcionamento da unidade SFE 2×1L e elaborar seu manual de operação 
   
QUESTÕES PREDIÇÕES 
1) O resfriamento do solvente a -10 °C previamente à entrada da bomba de 
pressurização evita a cavitação do fluido? 
Sim 
2) O procedimento operacional padronizado da unidade auxilia na realização de 
testes preliminares? 
Sim 
3) O dimensionamento atual da unidade causa desconforto ergonométrico nas 
operações efetuadas pelos responsáveis (ex.: coleta de amostras)? 
Não 
4) A perda de carga, verificada entre os manômetros de cada extrator e o manômetro 
da linha de fluxo imediatamente após a saída da bomba, é significativa? 
Não 
 
PLANO PARA RESPONDER AS QUESTÕES 
O Procedimento Operacional Padronizado (POP) foi elaborado com o objetivo de facilitar a operação da 
unidade SFE 2×1L. 
I) Verificar a tensão e conectar os cabos dos equipamentos na rede elétrica; 
II) Verificar se a linha de ar comprimido está funcionando; 
III) Verificar se o cilindro de CO2 possui solvente suficiente para a corrida experimental (pressão M-1, de 
acordo com o diagrama esquemático); 
IV) Verificar se os banhos termostáticos possuem fluido criogênico (etilenoglicol) e água nas cubas. Caso 
não tiver, preencher com o fluido e água; 
V) Verificar se os extratores estão limpos; 
VI) Verificar se todas as válvulas estão fechadas (com exceção das válvulas micrométricas que devem 
estar parcialmente abertas); 
VII) Ligar previamente os banhos termostáticos e programar os controladores para as temperaturas 
desejadas, esperando a estabilização das mesmas  para o início do processo; 
VIII) Ligar previamente a(s) manta(s) de aquecimento do(s) extrator(es) e da(s) válvula(s) micrométrica(s), 
programar o controlador para as temperaturas desejadas e aguardar até a estabilização; 
IX) Colocar a célula de extração no extrator e empacotar a matéria prima devidamente pesada; 
X) Conectar as linhas de fluxo de solvente e de mistura de solvente + extrato nas entradas e saídas do 
extrator; 
XI) Abrir a válvula de bloqueio do cilindro de solvente e observar a pressão no manômetro M-1; 
XII) Ligar o sistema de pressurização (abertura da válvula VA) e regular vagarosamente a pressão do 
Booster até a pressão desejada observando no manômetro M-2. A regulagem deverá ser feita através 
da válvula BP; 
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XIV) Esperar até que solvente e matéria prima estabilizem em equilíbrio de pressão e temperatura. 
Contabilizar período estático de 30 min; 
XV) Abrir vagarosamente a válvula de saída para iniciar o processo extrativo, observando que o frasco de 
coleta e a linha de saída de solvente estão devidamente conectados. Regular a vazão de solvente de 
acordo com o planejado, observando no rotâmetro (RT); 
XVI) Coletar amostras de extrato nos tempos estabelecidos. As amostras de extrato devem ser recolhidas em 
frasco de vidro âmbar de 50 mL imersos em banho de gelo. Os frascos devem estar previamente 
pesados; 
XVII) Após finalizado o tempo de processo, desligar o sistema de pressurização e os banhos termostáticos. 
Fechar as válvulas de entrada do sistema e abrir as válvulas de saída do sistema para a 
despressurização; 
XVIII)Desempacotar o extrator e retirar o resíduo de extração da célula; 
XIX) Limpar completamente a unidade. 
 
Observações ao conduzir o plano 
 A elaboração do POP da unidade SFE 2×1L facilitou na sua operação e proporcionou melhor organização 
das tarefas; 
 Os banhos termostáticos devem ser ligados 1 h antes da extração. Isto garante que a temperatura entre em 
regime estacionário; 
 As mantas de aquecimento devem ser ligadas 30 min antes da extração, pelos mesmos motivos do item 
superior. 
 
O que foi aprendido com os dados 
a) O resfriamento do cabeçote da bomba é adequado; 
b) O resfriamento do CO2 pela serpentina inserida no fluido criogênico também é adequado. 
 
Quais mudanças devem ser feitas ao processo 
 Inserir termopares na entrada e na saída dos extratores. 
Objetivos do próximo ciclo 
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PDSA 08 Autores G. Zabot e M. Moraes Supervisora M. A. Meireles Data 10/10/2012 
 
OBJETIVO 




1) Qual o intervalo de tempo adequado para a coleta de amostras? 
5 min|t<20 min 
10 min|20≤t<80 min 
30 min|t≥80 min 
2) Este intervalo varia com a mudança do nível de velocidade do solvente? Sim 
3) Qual a previsão do tempo total de extração? 3,5 h 
4) Há uma metodologia (POP) planejada para a troca de frascos durante a 
cinética de extração? 
Sim 
5) O rotâmetro mantem a medição de vazão estável? Sim 
6) A temperatura de aquecimento da válvula micrométrica é suficiente para 




PLANO PARA RESPONDER AS QUESTÕES 
I) Será feita uma corrida experimental nas condições de maior velocidade do solvente 
(360 cm/min = SR 150) utilizando-se o extrator 2 completamente preenchido com matéria 
prima; 
II) Os passos a serem seguidos para este teste serão de acordo com o POP 1;  
III) Os dados coletados serão anotados na Planilha 1. 
 
Observações ao conduzir o plano 
 Devido à vazão do solvente ser muito alta, o extrato congelou após a expansão, acarretando 
congelamento do frasco; 
 Conforme planejado, as amostras seriam coletadas inicialmente a cada 5 min. Entretanto, o 
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a retirada do frasco do sistema; 
   
 Observou-se a instabilidade do rotâmetro devido ao congelamento na saída da válvula 
micrométrica; 
 Houve o carreamento de extrato na linha de saída de solvente;  
 A célula de nylon rasgou no momento do empacotamento da matéria prima; 
 Não houve problemas em manter a pressão e a temperatura constantes no extrator;  




O que foi aprendido com os dados 
a) O intervalo de tempo era muito grande para a velocidade de 360 cm/min e para o cravo da índia; 
b) O intervalo de tempo para a coleta de extratos pode ser alterado para cada corrida experimental 
(exceto replicata). Isto não será feito por questões matemáticas, pois se pretende manter o tempo de 
extração e a quantidade de pontos coletados durante a cinética iguais para todas as curvas de extração 
para facilitar a comparação das curvas cinéticas ; 
c) Devido aos problemas operacionais não foi possível obter o tempo total de extração ; 
d) A troca de frascos deve ser a mais rápida possível para evitar perdas de extrato; 
e) A temperatura da válvula micrométrica será mantida em 130°C para evitar o congelamento do 
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Quais mudanças devem ser feitas ao processo 
 As seguintes mudanças devem ser feitas no processo: 
1 – Adição de erlenmeyer de 250 mL para a coleta de extrato; 
2 – Adição de lã de vidro na linha de saída de CO2; 
  
3 – Mudança nos tempos de coleta de extrato: 
2,5 min|t≤15 min 
5 min|15<t≤50 min 
10 min|50<t≤60 min 
20 min|60<t≤120 min 
30 min|120<t≤240 min 
4 – Padronização da forma de empacotamento da célula (POP 2). 
Objetivos do próximo ciclo 
 Fazer testes no extrator 1 e avaliar a influência da temperatura das mantas de aquecimento e 








PROCEDIMENTO OPERACIONAL PADRÃO (POP) – UNIDADE SFE-2×1L 
O POP foi elaborado com o objetivo de facilitar a operação da unidade de extração 
SFE 2×1L. O Apêndice B  traz os procedimentos necessários para o bom funcionamento da 
unidade. O respectivo equipamento foi montado inicialmente por André von Randow de 
Assis, em meados de 2009, em sua tese “Montagem, teste e validação de uma unidade de 
extração supercrítica com reciclo e operação contínua” disponível na Biblioteca da FEA. 
Em 2012, a referida unidade foi reestruturada de acordo com o projeto elaborado por G. L. 
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Figura B1: Diagrama esquemático da unidade de extração supercrítica SFE-2×1L. 
Cuidados necessários antes de iniciar uma extração: 
1) Na compra do cilindro de CO2 verificar a presença de tubo pescador, pois este é desejável;  
2) Verificar se há CO2 suficiente para todo o período de extração; 
3) Ligar o banho de resfriamento pelo menos uma hora antes de iniciar o processo de extração, 
para que este já atinja a temperatura programada; 
4) Testar os aquecimentos das válvulas micrométricas e dos extratores; 
5) Identificar possíveis pontos de vazamentos apenas com a pressão do cilindro; fazer isto sem 
iniciar a pressurização do extrator; 
6) Pressurizar a linha até a pressão desejada apenas para verificar se a bomba está em perfeito 
funcionamento; caso esteja funcionando normalmente, iniciar a pressurização dos 
extratores. 
Para facilitar a checagem desses itens foi desenvolvido um formulário para conferir se todos 
os pontos apresentados acimas estão em conformidade. 
Lista de verificação para iniciar um trabalho na unidade SFE-2×1L: 
1) Há quantidade suficiente de CO2 para todo o período de extração? 
Item Descrição
2 Válvula de Bloqueio de Passagem 
3 Válvula Anti-Retorno
4 Manômetro
7 Válvula de Controle de Vazão de Ar
8 Filtro de Ar
10 Válvula Back Pressure
11 Válvula de Segurança
14 Rotâmetro de Gás
15 Controlador de Temperatura
16 Válvula Micrométrica
17 Totalizador de Vazão Volumétrica
18 Frasco de Coleta de Extrato
19 Indicador de Temperatura
20 Termopar do Tipo J
Lista de Válvulas/Instrumentos
Item Descrição
1 Cilindro de CO2
5 Banho de Resfriamento
6 Compressor de Ar
9 Bomba de CO2
12 Banho de Aquecimento
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Obs.: Em caso de alguma não conformidade, tomar medidas necessárias para resolver esse 
problema, pois isso impossibilitará as operações posteriores. 
Esse POP é apresentado em forma de tópicos (estilo passo-a-passo), para um bom 
entendimento de como ligar e operar a unidade SFE-2×1L. 
1) Ligar banho de resfriamento uma hora antes de iniciar a extração; 
2) Ligar banho de aquecimento 20 minutos antes do início da extração; 
3) Empacotar o extrator com a matéria prima desejada; 
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5) Abrir a válvula de bloqueio na entrada da bomba (booster); 
 
6) Ajustar a pressão do ar comprimido para que a bomba comece a operar; 
 
7) Ligar o aquecimento e ajustar a temperatura do extrator que se pretende utilizar; 
8) Observar nos manômetros se a bomba está pressurizando antes de abrir a válvula de 
bloqueio para começar a pressurizar o extrator; 
 
9) Abrir a válvula de bloqueio na entrada do extrator que se pretende utilizar (E-1 ou E-2); 
 
10) Pressurizar o extrator até a pressão desejada; 
11) Deixar o extrator em tempo estático, para que haja uniformização da temperatura interna do 
extrator; 
12) Colocar o frasco de coleta, devidamente pesado e lacrado; 
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14) Ligar e ajustar o aquecimento da válvula micrométrica que será utilizada; 
15) Abrir a válvula de bloqueio na saída do extrator; 
 
16) Ajustar a vazão na válvula micrométrica e utilizar o fluxômetro para controlar a vazão 
instantânea de fluido despressurizado; 
 
17) Coletar o extrato nos frascos de coleta; 
18) Caso a bomba esteja em funcionamento intercalado a partir do atingimento da pressão de 
trabalho desejada, e por acaso achar que essa oscilação de pressão esteja muito alta, pode-se 
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POP de desligamento da unidade SFE-2×1L: 
1) Fechar o ar comprimido, assim desligando a bomba; 
 
2) Fechar as válvulas de bloqueio na entrada dos extratores; 
 
3) Fechar a válvula de bloqueio na entrada da bomba; 
 
4) Fechar a válvula do cilindro de CO2; 
 
5) Despressurizar o extrator até pressão ambiente; 
6) Desligar o aquecimento da válvula micrométrica e do extrator; 
7) Desligar os banhos de resfriamento e aquecimento; 
8) Desempacotar o extrator; 
9) Proceder com o POP de limpeza da unidade. 
Como antes do extrator não há contato com o extrato, a parte crítica da limpeza é o extrator 
e toda tubulação após este. Logo, abaixo está apresentado o POP de limpeza da unidade SFE-2×1L. 
1) Lavar o extrator com esponja e sabão neutro e enxaguá-lo com água;  
2) Passar etanol pela tubulação após o extrator utilizando um Becker para coletar o resíduo; 
em caso de corante e óleos de grande viscosidade é aconselhável usar pérolas de vidro 
dentro do extrator e passar álcool pelo sistema, pressurizando-o; 
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CURIOSIDADES - UNIDADE SFE-2×1L 
  
 
Figura B2: Projeto (esq.) e construção (dir.) da unidade SFE 2×1L no LASEFI. 
Com a unidade de extração pronta para os primeiro testes iniciaram-se as extrações do óleo 
de cravo. Com isso apareceram os primeiros problemas técnicos. A partir de certo tempo de 
extração o óleo de cravo começou a sair como uma espuma, o que provocou perdas. 
  
E também a perda de óleo para a linha de saída do CO2 estava dificultando que os 
equipamentos (totalizador de vazão e fluxômetro) operassem corretamente, influenciando assim na 
resposta de massa de CO2 utilizada durante a extração. Adicionalmente, a perda de extrato era algo 
indesejado. Para solucionar esse problema inicialmente pensou-se em utilizar um tubo com lã de 
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Outra solução foi concentrada na utilização de frascos de perfil alto para fazer a coleta do 
óleo, evitando que a espuma, caso houvesse sua formação, não alcançasse o topo do frasco. Além 
disso, dois frascos com algodão entre o frasco de coleta e a linha de saída foram inseridos. 
  
O desmontar/remontar o booster foi um aprendizado de extrema importância para que a 
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exigência, em relação ao booster, é maior quando se trabalha em modo contínuo. Devido a este fato, 
a vedação do pistão sofreu desgaste. Com isso, o CO2 expandiu por todo o corpo da bomba, 
ocorrendo o efeito Joule-Thomson. Este efeito causou o congelamento da bomba como um todo, 
conforme pode ser visto abaixo. 
É importante lembrar que além da parte 
experimental houve sempre planejamento e discussão de 
como os experimentos seriam. Essas discussões foram 
realizadas com a Profª. Drª. Maria Angela de Almeida 
Meireles em momentos que se julgavam importantes, e 










MEDIÇÃO DE TEMPERATURA NOS LEITOS DE EXTRAÇÃO E-1 E E-2 
Objetivo: conhecer o perfil de temperatura cinético nos leitos de extração da unidade SFE-
2×1L. 
Variável resposta: temperatura (°C). 
Replicações: 2 vezes. 
Fatores e níveis: extrator (níveis: E-1 e E-2); posição nos extratores (níveis: alto, médio e 
baixo) e temperatura (níveis: 40°C, 50°C e 60°C). 
Utilizou-se o delineamento experimental completamente aleatorizado em blocos. 
Para evitar viés de seleção, fez-se o sorteio das corridas experimentais (Tabela 1). Para a 
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Tabela C1: Delineamento proposto para o teste do perfil de temperatura nos extratores  
Ordem de sorteio Ordem de corrida Extrator Posição Temperatura 
8 1 E-2 Alta 40 
10 2 E-1 Alta 40 
1 3 E-1 Alta 40 
9 4 E-1 Média 40 
14 5 E-2 Média 40 
35 6 E-2 Baixa 40 
17 7 E-1 Média 40 
30 8 E-2 Média 40 
23 9 E-2 Baixa 40 
19 10 E-2 Alta 40 
33 11 E-1 Baixa 40 
22 12 E-1 Baixa 40 
32 13 E-1 Baixa 50 
24 14 E-2 Média 50 
18 15 E-2 Baixa 50 
13 16 E-2 Baixa 50 
11 17 E-1 Média 50 
34 18 E-2 Média 50 
5 19 E-2 Alta 50 
4 20 E-1 Média 50 
31 21 E-2 Alta 50 
16 22 E-1 Alta 50 
21 23 E-1 Alta 50 
29 24 E-1 Baixa 50 
28 25 E-1 Baixa 60 
6 26 E-2 Alta 60 
25 27 E-2 Média 60 
27 28 E-1 Média 60 
2 29 E-2 Baixa 60 
12 30 E-1 Alta 60 
36 31 E-1 Média 60 
15 32 E-1 Baixa 60 
20 33 E-2 Alta 60 
3 34 E-2 Baixa 60 
26 35 E-2 Média 60 
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As posições proporcionais de coleta de temperatura em cada extrator estão descritas na Figura 1. São 
cinco pontos de coleta para cada uma das posições definidas proporcionalmente: alta, média e baixa. Nesse 
caso, pode-se conhecer o perfil de temperatura nas três direções: radial, axial e angular. A manta de 
aquecimento está caracterizada pela semicircunferência em preto. 
 
A manta de aquecimento superficial foi 
mantida na temperatura da corrida experimental, a 
qual foi ligada previamente para estabilização de 
temperatura dos extratores. Após a estabilização da 
temperatura superficial, o leito de extração foi 
preenchido integralmente com cravo-da-índia. O 
leito não foi preenchido com CO2 supercrítico 
devido à impossibilidade de coleta de temperaturas 
interiores usando-se alta pressão. Assim, o teste foi 
feito em pressão ambiente com ar como fluido de 
preenchimento. Foram inseridos os termopares nos 
locais identificados, de acordo com o planejamento 
experimental (Tabela C1.1), e o tempo de coleta foi 
iniciado. 
Figura C1: Representação esquemática dos pontos de coleta de temperatura nos extratores. 
Para a coleta das informações durante as corridas experimentais confeccionou-se um formulário de 
coleta de dados (planilha abaixo). Nele, foram anotadas as temperaturas durante intervalos de 2 minutos. Os  
valores de temperatura foram observados no indicador usando-se sensores termopares do tipo J. 
Com as informações obtidas, foi possível criar um perfil de temperatura em cada extrator ao longo do 
tempo. Teve-se como objetivo conhecer o tempo necessário para que a temperatura no eixo central do leito 
atingisse a temperatura da superfície externa (equilíbrio de temperatura). Como neste teste ocorreu, 
basicamente, condução de calor radial através do material poroso, a resistência à transferência de calor tendeu 
a ser maior nesta situação do que no meio supercrítico real, onde o solvente auxilia na propagação do calor. 
Portanto, o tempo necessário para que o eixo central atingisse a temperatura desejada neste teste foi maior do 
que na situação de extração real. Isto significa que o tempo obtido  aqui pôde ser utilizado nas extrações 
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CORRIDA EXP N° 1 DATA 07/12/2012 
Horário de início 13:11 Extrator E-2 
Temperatura manta de aquecimento (°C) 40 Posição Alta 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 8 10 7 10 9 
2 8 11 8 12 9 
4 8 14 10 13 10 
6 9 16 12 15 12 
8 10 18 14 17 13 
10 11 20 16 19 15 
12 12 21 17 20 16 
14 13 23 19 21 18 
16 15 24 20 22 19 
18 16 25 21 24 20 
20 17 26 22 25 21 
22 19 26 23 25 22 
24 20 27 24 26 23 
26 21 28 25 27 24 
28 22 28 26 28 25 
30 23 29 26 28 26 
33 24 30 27 29 27 
36 26 30 28 30 28 
39 27 31 29 30 29 
42 28 31 29 31 29 
46 29 32 30 32 30 
50 30 32 31 32 31 
55 31 33 32 33 32 
60 32 33 32 33 32 
70 33 34 33 34 33 
80 34 35 34 35 34 
90 34 35 34 35 35 
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CORRIDA EXP N° 2 DATA 07/12/2012 
Horário de início 14:56 Extrator E-1 
Temperatura manta de aquecimento (°C) 40 Posição Alta 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -3 -3 -2 -2 -3 
2 -2 -1 0 1 0 
4 0 3 4 4 2 
6 2 7 8 7 6 
8 5 11 11 10 9 
10 7 14 14 14 13 
12 10 16 16 16 15 
14 12 18 18 18 17 
16 14 20 20 21 19 
18 17 22 22 24 21 
20 19 23 23 26 22 
22 21 25 24 27 24 
24 23 26 26 28 25 
26 25 28 27 29 27 
28 26 28 28 30 28 
30 27 29 29 31 29 
33 29 31 30 32 30 
36 30 32 31 33 31 
39 31 33 32 34 33 
42 32 33 33 35 33 
46 34 34 34 36 35 
50 35 35 35 36 35 
55 36 36 36 37 36 
60 37 37 36 38 37 
70 38 38 37 39 38 
80 39 39 38 40 39 
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CORRIDA EXP N° 3 (duplicata) DATA 07/12/2012 
Horário de início 19:22 Extrator E-1 
Temperatura manta de aquecimento (°C) 40 Posição Alta 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 3 4 1 6 6 
2 2 4 1 9 10 
4 4 6 3 13 13 
6 6 9 6 16 16 
8 8 11 8 18 18 
10 10 14 11 20 21 
12 13 16 13 22 22 
14 15 18 15 24 24 
16 17 20 18 25 25 
18 19 21 19 26 26 
20 21 23 21 27 27 
22 22 24 22 28 28 
24 24 26 24 29 29 
26 25 27 25 30 30 
28 26 28 26 31 31 
30 27 29 27 32 32 
33 29 30 29 33 33 
36 30 31 30 34 33 
39 31 32 31 34 34 
42 32 33 32 35 35 
46 33 34 33 36 36 
50 35 35 34 37 36 
55 35 36 35 37 37 
60 36 37 36 38 38 
70 37 38 37 39 39 
80 38 38 37 40 39 
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CORRIDA EXP N° 4 DATA 08/12/2012 
Horário de início 10:17 Extrator E-1 
Temperatura manta de aquecimento (°C) 40 Posição Média 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 4 23 3 7 5 
2 4 27 5 10 5 
4 5 29 8 13 6 
6 6 31 11 17 8 
8 9 32 14 20 11 
10 11 33 16 22 13 
12 14 34 19 25 16 
14 16 35 21 27 18 
16 19 36 23 28 21 
18 21 36 26 30 23 
20 24 37 27 31 25 
22 26 38 29 33 27 
24 27 38 30 34 29 
26 29 39 31 35 30 
28 31 39 33 36 32 
30 32 40 34 37 33 
33 34 40 35 38 35 
36 35 41 36 39 36 
39 37 41 37 39 37 
42 38 42 38 40 38 
46 39 42 39 41 39 
50 40 43 40 42 40 
55 41 43 41 42 41 
60 42 44 41 43 42 
70 43 44 42 44 43 
80 44 45 43 45 44 
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CORRIDA EXP N° 5 DATA 08/12/2012 
Horário de início 11:58 Extrator E-2 
Temperatura manta de aquecimento (°C) 40 Posição Média 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 2 2 1 3 2 
2 2 2 1 3 2 
4 2 4 2 4 3 
6 2 5 4 5 3 
8 2 7 5 7 4 
10 3 9 7 8 6 
12 3 10 8 10 7 
14 4 12 10 11 8 
16 5 13 11 13 9 
18 6 15 13 14 11 
20 7 16 14 15 12 
22 8 17 15 16 13 
24 9 18 16 17 14 
26 10 19 17 18 15 
28 12 20 18 19 16 
30 13 21 19 20 17 
33 14 22 20 21 19 
36 16 23 21 23 20 
39 17 24 22 24 21 
42 19 25 23 25 22 
46 21 26 24 26 24 
50 22 27 26 27 25 
55 24 28 27 28 27 
60 26 29 28 29 28 
70 28 31 30 31 30 
80 30 32 31 33 32 
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CORRIDA EXP N° 6 DATA 08/12/2012 
Horário de início 13:43 Extrator E-2 
Temperatura manta de aquecimento (°C) 40 Posição Baixa 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 2 3 2 3 2 
2 2 5 3 4 3 
4 2 7 4 6 5 
6 3 9 6 8 7 
8 3 11 7 11 10 
10 5 13 9 12 12 
12 6 15 11 14 14 
14 7 16 12 16 15 
16 8 18 14 17 17 
18 10 19 15 19 18 
20 11 20 17 20 19 
22 13 21 18 21 21 
24 14 22 19 22 22 
26 16 23 20 23 23 
28 17 24 21 24 24 
30 18 24 22 24 24 
33 20 25 23 26 25 
36 21 26 24 26 26 
39 23 27 25 27 27 
42 24 28 26 28 28 
46 25 29 27 29 29 
50 27 30 28 30 30 
55 28 31 29 31 31 
60 29 31 30 31 31 
70 31 32 31 33 32 
80 32 33 32 33 33 
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CORRIDA EXP N° 7 (duplicata) DATA 08/12/2012 
Horário de início 15:24 Extrator E-1 
Temperatura manta de aquecimento (°C) 40 Posição Média 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -4 0 6 2 -2 
2 -3 5 12 7 0 
4 -1 9 16 11 4 
6 1 13 20 15 7 
8 3 16 22 18 9 
10 6 19 24 20 11 
12 9 21 26 22 14 
14 12 23 27 24 16 
16 15 25 29 26 19 
18 17 27 30 28 21 
20 20 28 31 29 23 
22 22 29 32 30 26 
24 24 31 33 31 28 
26 26 32 33 32 30 
28 27 33 34 33 32 
30 29 33 35 34 33 
33 31 35 36 36 35 
36 33 36 37 37 36 
39 34 37 37 37 37 
42 36 38 38 38 38 
46 37 39 39 39 39 
50 38 39 40 40 39 
55 39 40 41 41 40 
60 42 41 41 42 41 
70 42 42 42 43 42 
80 43 43 43 44 42 
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CORRIDA EXP N° 8 (duplicata) DATA 08/12/2012 
Horário de início 17:05 Extrator E-2 
Temperatura manta de aquecimento (°C) 40 Posição Média 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -8 -8 -7 -8 -7 
2 -9 -5 -5 -8 -5 
4 -9 -3 -2 -8 -3 
6 -9 -1 0 -6 -1 
8 -8 0 2 -5 0 
10 -7 3 4 -3 3 
12 -7 5 6 -1 5 
14 -6 6 7 0 6 
16 -4 8 9 1 8 
18 -3 10 10 2 9 
20 -2 11 11 4 11 
22 0 12 13 5 12 
24 0 13 14 7 13 
26 1 15 15 8 14 
28 3 16 16 9 15 
30 4 17 17 11 16 
33 6 18 18 12 18 
36 8 19 19 14 19 
39 10 20 20 15 20 
42 12 21 21 17 21 
46 14 23 23 19 23 
50 16 24 24 20 24 
55 18 25 25 22 26 
60 20 27 26 24 27 
70 24 29 28 27 29 
80 27 30 30 29 31 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 9 (duplicata) DATA 09/12/2012 
Horário de início 13:13 Extrator E-2 
Temperatura manta de aquecimento (°C) 40 Posição Baixa 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -16 -16 -16 -16 -16 
2 -15 -10 -11 -10 -12 
4 -13 -7 -8 -6 -7 
6 -11 -4 -6 -3 -4 
8 -9 -2 -3 0 -2 
10 -7 0 -1 1 0 
12 -6 3 1 4 3 
14 -4 5 3 6 5 
16 -2 7 5 8 7 
18 0 9 7 10 9 
20 2 11 9 12 11 
22 4 13 11 14 13 
24 5 14 13 15 14 
26 7 15 14 16 16 
28 9 17 16 18 17 
30 11 18 17 19 18 
33 13 20 19 21 20 
36 15 21 20 22 22 
39 17 22 21 23 23 
42 19 24 23 24 24 
46 21 25 24 26 25 
50 23 26 25 27 27 
55 25 28 27 28 28 
60 26 29 28 29 29 
70 29 30 30 31 31 
80 31 32 31 32 32 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 10 (duplicata) DATA 09/12/2012 
Horário de início 14:54 Extrator E-2 
Temperatura manta de aquecimento (°C) 40 Posição Alta 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -10 -10 -11 -11 -10 
2 -10 -10 -11 -11 -10 
4 -10 -9 -10 -9 -9 
6 -10 -7 -8 -7 -8 
8 -10 -5 -6 -5 -6 
10 -9 -3 -4 -3 -4 
12 -8 -1 -2 -1 -2 
14 -7 0 0 0 0 
16 -6 2 1 2 1 
18 -5 3 2 3 2 
20 -3 5 4 5 4 
22 -2 6 6 7 5 
24 0 8 7 8 7 
26 0 9 8 9 8 
28 2 10 10 11 9 
30 3 11 11 12 11 
33 5 13 13 13 12 
36 7 15 14 14 14 
39 9 16 16 16 15 
42 11 18 17 17 16 
46 13 19 18 19 18 
50 15 21 20 20 20 
55 18 22 21 22 21 
60 20 24 23 23 23 
70 23 26 26 26 26 
80 26 28 27 28 28 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 11 DATA 09/12/2012 
Horário de início 16:33 Extrator E-1 
Temperatura manta de aquecimento (°C) 40 Posição Baixa 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -16 -16 -16 -16 -16 
2 -15 -6 -8 -5 -8 
4 -13 0 1 3 -1 
6 -10 4 4 7 2 
8 -7 7 8 10 6 
10 -4 10 11 13 9 
12 -1 13 13 16 12 
14 1 15 16 18 14 
16 5 18 18 20 17 
18 8 20 20 22 19 
20 10 21 21 23 20 
22 13 23 23 25 22 
24 15 24 24 26 24 
26 18 26 25 27 25 
28 20 27 27 28 26 
30 22 28 28 29 28 
33 24 30 29 31 29 
36 26 31 31 32 31 
39 28 32 32 33 32 
42 30 33 33 34 33 
46 32 34 34 35 34 
50 33 35 35 36 35 
55 35 36 36 37 37 
60 36 37 37 38 38 
70 38 39 38 39 39 
80 39 40 39 40 40 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 12 (duplicata) DATA 09/12/2012 
Horário de início 18:11 Extrator E-1 
Temperatura manta de aquecimento (°C) 40 Posição Baixa 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -14 -9 -11 -6 -11 
2 -13 -5 -6 0 -7 
4 -11 0 -1 3 -3 
6 -8 3 2 7 0 
8 -5 7 6 11 3 
10 -2 10 10 14 7 
12 1 13 13 17 10 
14 4 16 15 19 13 
16 7 18 17 21 15 
18 10 20 19 23 18 
20 13 22 21 25 20 
22 15 23 23 26 22 
24 18 25 25 27 23 
26 20 26 26 29 25 
28 22 27 27 30 26 
30 23 29 28 31 28 
33 26 30 30 32 29 
36 28 31 31 33 31 
39 29 32 32 34 32 
42 31 33 33 35 33 
46 33 35 34 36 35 
50 34 36 35 37 36 
55 36 37 36 38 37 
60 37 38 37 39 38 
70 38 39 38 40 39 
80 39 40 39 41 40 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 13 DATA 10/12/2012 
Horário de início 09:00 Extrator E-1 
Temperatura manta de aquecimento (°C) 50 Posição Baixa 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 0 3 0 2 1 
2 0 5 3 7 2 
4 2 10 8 13 6 
6 5 15 12 18 10 
8 8 19 17 22 14 
10 11 22 20 25 18 
12 15 26 24 28 21 
14 18 28 27 31 24 
16 22 31 29 33 27 
18 25 33 31 35 30 
20 28 35 33 36 32 
22 30 36 35 38 34 
24 32 38 36 39 36 
26 34 39 38 40 37 
28 36 40 39 41 39 
30 38 41 40 42 40 
33 40 43 42 44 42 
36 42 44 43 45 43 
39 43 45 44 45 44 
42 44 46 45 46 45 
46 45 47 45 47 46 
50 46 48 46 48 47 
55 47 48 47 49 48 
60 48 49 48 49 48 
70 49 50 49 50 49 
80 50 50 50 51 50 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 14 DATA 10/12/2012 
Horário de início 10:50 Extrator E-2 
Temperatura manta de aquecimento (°C) 50 Posição Média 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 2 1 4 4 7 
2 2 2 6 4 6 
4 2 3 8 5 7 
6 2 5 10 6 8 
8 3 6 12 7 9 
10 3 8 14 9 11 
12 4 10 15 11 12 
14 5 12 17 12 14 
16 6 13 19 14 15 
18 8 15 20 15 17 
20 9 17 21 17 18 
22 11 18 23 18 20 
24 12 20 24 20 21 
26 14 21 25 21 22 
28 15 22 26 22 23 
30 17 23 27 24 24 
33 19 25 28 25 26 
36 21 27 30 27 28 
39 23 28 31 28 29 
42 25 29 32 30 30 
46 27 31 33 31 32 
50 29 32 34 33 33 
55 31 34 35 35 35 
60 33 36 37 36 36 
70 36 38 39 39 39 
80 39 40 41 41 41 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 15 DATA 10/12/2012 
Horário de início 13:36 Extrator E-2 
Temperatura manta de aquecimento (°C) 50 Posição Baixa 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -3 -3 -5 -3 -3 
2 -3 -1 -4 -1 -2 
4 -3 2 -2 1 0 
6 -2 5 0 4 2 
8 0 9 2 7 5 
10 1 12 5 11 8 
12 3 15 7 13 11 
14 5 17 10 16 13 
16 7 19 12 18 15 
18 9 21 15 20 18 
20 11 23 17 22 19 
22 13 24 18 23 21 
24 15 26 20 25 23 
26 17 27 22 26 24 
28 19 28 23 28 26 
30 21 29 25 29 27 
33 23 31 27 30 29 
36 25 32 28 31 30 
39 27 33 30 33 31 
42 29 34 31 34 33 
46 31 35 32 35 34 
50 32 36 34 36 35 
55 34 37 35 37 36 
60 36 38 36 38 37 
70 38 40 38 40 39 
80 39 40 39 41 40 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 16 (duplicata) DATA 10/12/2012 
Horário de início 15:06 Extrator E-2 
Temperatura manta de aquecimento (°C) 50 Posição Baixa 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -10 -9 -10 -9 -10 
2 -10 -8 -10 -7 -9 
4 -9 -6 -9 -3 -7 
6 -8 -2 -7 0 -4 
8 -6 0 -4 4 -1 
10 -5 4 -1 6 1 
12 -3 7 0 9 4 
14 -1 10 3 12 7 
16 1 13 6 14 10 
18 3 15 8 16 12 
20 5 17 10 18 15 
22 7 19 13 21 17 
24 10 21 15 22 19 
26 12 22 17 24 20 
28 14 24 18 25 22 
30 16 25 20 26 24 
33 18 27 22 28 25 
36 21 28 24 29 27 
39 23 30 26 31 29 
42 25 31 28 32 30 
46 27 32 29 33 32 
50 29 34 31 35 33 
55 31 35 33 36 35 
60 33 36 34 37 36 
70 36 38 36 39 38 
80 38 39 39 40 40 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 17 DATA 10/12/2012 
Horário de início 16:50 Extrator E-1 
Temperatura manta de aquecimento (°C) 50 Posição Média 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -16 -16 -16 -16 -16 
2 -9 -1 -2 -2 -4 
4 -3 12 10 7 4 
6 1 19 18 12 9 
8 6 24 24 18 15 
10 10 27 27 21 19 
12 13 30 29 25 23 
14 16 32 32 29 27 
16 19 34 34 32 30 
18 22 36 35 35 33 
20 25 38 37 37 35 
22 28 39 38 39 37 
24 31 40 39 40 39 
26 33 42 41 41 40 
28 35 43 42 42 42 
30 37 44 43 43 43 
33 39 45 45 44 44 
36 41 47 46 45 45 
39 43 48 47 46 46 
42 45 48 48 47 47 
46 47 49 49 49 48 
50 49 50 50 50 49 
55 50 52 51 51 50 
60 52 53 52 52 52 
70 54 54 54 54 54 
80 55 56 55 56 55 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 18 (duplicata) DATA 10/12/2012 
Horário de início 19:14 Extrator E-2 
Temperatura manta de aquecimento (°C) 50 Posição Média 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -16 -16 -16 -16 -16 
2 -15 -10 -9 -10 -8 
4 -13 -6 -6 -7 -5 
6 -11 -4 -4 -4 -2 
8 -9 -2 -1 -1 0 
10 -7 0 0 0 3 
12 -5 2 3 2 5 
14 -4 4 5 4 8 
16 -2 6 7 6 10 
18 0 8 9 8 12 
20 1 10 11 10 14 
22 2 12 13 12 16 
24 4 14 14 14 18 
26 6 15 16 16 19 
28 8 17 17 17 20 
30 10 18 19 19 22 
33 12 20 21 21 24 
36 15 22 23 23 25 
39 17 24 24 24 27 
42 19 25 26 26 28 
46 22 27 28 28 30 
50 24 29 30 30 32 
55 27 31 31 32 33 
60 29 33 33 34 35 
70 34 36 36 37 38 
80 37 38 38 39 40 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 19 DATA 11/12/2012 
Horário de início 08:55 Extrator E-2 
Temperatura manta de aquecimento (°C) 50 Posição Alta 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 2 2 4 2 3 
2 1 2 5 3 3 
4 1 4 5 3 3 
6 1 7 7 5 4 
8 2 9 9 7 6 
10 2 12 11 9 7 
12 3 14 13 11 9 
14 4 16 15 13 11 
16 5 17 17 15 12 
18 7 19 18 16 14 
20 8 21 20 18 16 
22 10 22 21 19 17 
24 12 23 22 21 19 
26 13 24 23 22 20 
28 14 25 24 23 21 
30 16 26 25 24 22 
33 18 28 27 26 24 
36 20 29 28 27 26 
39 22 30 29 29 27 
42 24 31 30 30 29 
46 26 33 32 32 30 
50 28 34 33 33 32 
55 30 35 34 35 33 
60 32 37 36 36 35 
70 35 39 38 38 37 
80 38 40 39 40 39 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 20 (duplicata) DATA 11/12/2012 
Horário de início 10:35 Extrator E-1 
Temperatura manta de aquecimento (°C) 50 Posição Média 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 0 8 0 11 -1 
2 0 14 0 18 0 
4 1 20 4 22 1 
6 4 24 7 27 3 
8 7 27 11 30 7 
10 10 30 15 32 10 
12 14 32 19 34 14 
14 17 34 22 36 18 
16 21 36 25 38 21 
18 24 38 28 39 24 
20 28 39 30 41 28 
22 30 40 33 42 30 
24 32 42 35 43 33 
26 34 43 37 44 35 
28 36 44 38 45 37 
30 39 45 39 46 39 
33 41 46 41 47 41 
36 43 47 43 48 43 
39 44 48 45 49 45 
42 46 49 46 50 46 
46 47 50 47 51 48 
50 49 51 49 52 49 
55 50 52 50 53 51 
60 51 53 51 54 52 
70 53 54 53 55 53 
80 55 55 54 56 54 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 21 (duplicata) DATA 11/12/2012 
Horário de início 13:38 Extrator E-2 
Temperatura manta de aquecimento (°C) 50 Posição Alta 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -11 -6 -10 -6 -8 
2 -11 -6 -9 -5 -8 
4 -10 -5 -7 -5 -7 
6 -10 -2 -4 -3 -5 
8 -9 0 -1 0 -3 
10 -8 3 1 1 -1 
12 -7 5 4 4 1 
14 -6 7 6 6 3 
16 -4 9 8 8 5 
18 -2 11 10 10 7 
20 -1 13 12 12 9 
22 0 15 15 14 10 
24 2 17 16 15 12 
26 4 18 17 17 14 
28 6 19 19 18 15 
30 8 21 20 20 17 
33 11 22 22 22 19 
36 13 24 23 23 21 
39 16 26 25 25 22 
42 18 27 26 27 24 
46 20 29 28 28 26 
50 23 30 29 30 28 
55 26 32 31 32 30 
60 28 33 32 33 32 
70 32 36 35 36 35 
80 35 38 37 38 37 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 22 DATA 11/12/2012 
Horário de início 15:16 Extrator E-1 
Temperatura manta de aquecimento (°C) 50 Posição Alta 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -9 -6 -7 -6 -8 
2 -9 0 -4 -1 -8 
4 -9 6 0 5 -5 
6 -7 11 5 10 -1 
8 -5 15 9 14 1 
10 -1 19 13 18 5 
12 1 22 16 21 9 
14 5 25 19 24 13 
16 8 27 22 26 16 
18 12 29 24 28 19 
20 15 30 26 30 22 
22 18 32 28 32 24 
24 21 33 30 33 26 
26 24 35 31 35 29 
28 26 36 33 36 31 
30 29 37 34 37 32 
33 31 38 36 39 34 
36 34 40 38 40 36 
39 36 41 39 41 38 
42 38 42 40 42 40 
46 40 43 41 43 41 
50 41 44 42 44 43 
55 43 45 44 45 44 
60 44 46 45 46 45 
70 46 47 46 48 47 
80 48 48 47 49 48 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 23 (duplicata) DATA 11/12/2012 
Horário de início 16:55 Extrator E-1 
Temperatura manta de aquecimento (°C) 50 Posição Alta 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -6 -1 -4 -2 -6 
2 -5 4 -1 3 -5 
4 -4 10 2 9 -2 
6 -1 15 7 14 0 
8 1 19 11 18 4 
10 3 22 14 21 7 
12 7 24 17 24 11 
14 11 27 20 26 14 
16 14 28 23 28 17 
18 17 30 25 30 20 
20 20 32 27 32 23 
22 23 33 29 33 26 
24 25 34 30 34 27 
26 27 35 32 36 29 
28 30 37 33 37 31 
30 31 37 35 38 33 
33 33 39 36 39 35 
36 36 40 38 40 37 
39 37 41 39 41 38 
42 39 42 40 42 40 
46 41 43 42 44 41 
50 42 44 43 45 43 
55 44 45 44 46 44 
60 45 46 45 46 45 
70 47 47 46 48 47 
80 48 48 47 49 48 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 24 (duplicata) DATA 11/12/2012 
Horário de início 19:24 Extrator E-1 
Temperatura manta de aquecimento (°C) 50 Posição Baixa 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -1 6 8 6 4 
2 1 12 13 8 9 
4 3 17 16 18 12 
6 5 20 20 22 18 
8 9 24 23 25 20 
10 12 26 26 28 23 
12 15 29 28 30 26 
14 19 31 30 32 28 
16 22 33 32 34 31 
18 25 341 34 35 32 
20 27 36 35 37 34 
22 30 37 37 38 36 
24 32 39 38 39 37 
26 34 40 39 40 38 
28 36 41 40 41 40 
30 37 42 41 42 41 
33 39 43 42 43 42 
36 41 44 43 44 43 
39 42 45 44 45 44 
42 43 46 45 46 45 
46 45 46 46 47 46 
50 46 48 47 48 47 
55 47 48 47 48 48 
60 48 49 48 49 48 
70 49 49 49 50 49 
80 50 50 49 50 50 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 25 DATA 12/12/2012 
Horário de início 08:30 Extrator E-1 
Temperatura manta de aquecimento (°C) 60 Posição Baixa 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -5 6 -1 6 -4 
2 -5 14 2 13 -3 
4 -3 22 10 21 0 
6 -1 27 16 27 4 
8 2 32 21 31 9 
10 6 35 25 34 14 
12 11 38 29 37 19 
14 15 40 32 39 23 
16 20 42 35 41 27 
18 24 43 38 43 31 
20 28 45 40 44 34 
22 31 46 42 46 37 
24 34 47 44 47 39 
26 37 49 45 48 41 
28 40 50 47 49 43 
30 42 51 48 50 45 
33 45 52 49 52 48 
36 47 53 51 53 50 
39 49 54 52 54 51 
42 51 55 53 55 52 
46 52 56 54 56 54 
50 54 57 55 57 55 
55 56 58 56 58 56 
60 56 59 57 58 57 
70 58 60 58 60 59 
80 59 61 59 60 59 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 26 DATA 12/12/2012 
Horário de início 10:11 Extrator E-2 
Temperatura manta de aquecimento (°C) 60 Posição Alta 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -17 -16 -15 -16 -16 
2 -17 -14 -13 -16 -16 
4 -17 -10 -9 -15 -15 
6 -17 -6 -5 -13 -14 
8 -16 -2 -1 -11 -12 
10 -15 0 1 -8 -9 
12 -13 3 4 -6 -7 
14 -11 6 7 -3 -4 
16 -9 9 10 0 -2 
18 -7 11 12 1 0 
20 -5 13 14 4 2 
22 -3 16 16 6 5 
24 -1 17 17 8 6 
26 0 19 19 10 8 
28 1 20 21 12 10 
30 4 22 22 14 12 
33 8 24 24 17 15 
36 11 26 26 19 18 
39 13 28 28 22 20 
42 16 29 29 24 22 
46 19 31 31 26 25 
50 23 33 33 29 27 
55 26 35 35 31 32 
60 29 37 37 34 33 
70 34 40 40 38 37 
80 38 43 42 41 40 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 27 DATA 12/12/2012 
Horário de início 12:50 Extrator E-2 
Temperatura manta de aquecimento (°C) 60 Posição Média 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -16 -15 -13 -15 -4 
2 -16 -13 -8 -14 0 
4 -15 -10 -4 -12 5 
6 -14 -7 0 -10 9 
8 -13 -4 3 -8 13 
10 -11 -1 6 -5 16 
12 -8 1 10 -2 18 
14 -6 4 12 0 21 
16 -4 7 15 2 23 
18 -1 9 17 4 24 
20 0 12 19 7 26 
22 2 14 21 9 27 
24 5 16 23 11 29 
26 7 18 24 14 30 
28 9 20 26 16 31 
30 13 22 28 19 33 
33 16 25 30 22 34 
36 19 27 32 25 36 
39 21 30 33 27 37 
42 25 32 36 30 39 
46 28 34 37 33 41 
50 32 37 39 35 42 
55 35 39 41 38 44 
60 40 43 44 43 46 
70 44 46 47 45 49 
80 47 48 48 48 50 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 28 DATA 12/12/2012 
Horário de início 14:31 Extrator E-1 
Temperatura manta de aquecimento (°C) 60 Posição Média 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -15 -7 -15 -3 -11 
2 -14 2 -15 7 -4 
4 -13 10 -12 15 1 
6 -9 18 -7 22 8 
8 -5 24 -2 28 15 
10 0 29 3 32 20 
12 5 32 9 35 25 
14 10 36 14 39 30 
16 16 39 20 41 33 
18 22 42 25 44 37 
20 26 44 29 45 40 
22 31 46 33 47 42 
24 35 48 37 49 45 
26 39 50 40 51 47 
28 42 51 43 52 48 
30 45 52 45 53 50 
33 48 54 49 55 53 
36 51 55 51 57 55 
39 53 57 53 58 56 
42 56 58 56 59 57 
46 58 60 57 61 60 
50 60 61 59 62 61 
55 61 62 61 63 62 
60 63 64 62 64 63 
70 65 66 65 67 66 
80 67 67 66 68 67 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 29 DATA 12/12/2012 
Horário de início 16:12 Extrator E-2 
Temperatura manta de aquecimento (°C) 60 Posição Baixa 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -9 -9 -13 -6 -10 
2 -8 -5 -11 -2 -7 
4 -6 -1 -8 1 -3 
6 -3 3 -4 6 1 
8 0 8 0 11 6 
10 2 12 3 15 10 
12 5 16 7 19 14 
14 8 19 10 22 17 
16 11 22 14 25 21 
18 14 25 17 27 23 
20 16 27 20 29 26 
22 19 29 22 31 28 
24 22 31 25 32 30 
26 24 32 27 34 32 
28 26 34 29 35 33 
30 29 35 31 37 35 
33 31 37 34 38 37 
36 33 39 35 40 38 
39 35 40 37 41 40 
42 37 41 38 42 41 
46 39 42 40 43 43 
50 41 44 42 44 44 
55 43 45 43 46 45 
60 44 46 44 47 46 
70 46 47 46 48 47 
80 47 49 48 49 49 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 30 DATA 12/12/2012 
Horário de início 18:45 Extrator E-1 
Temperatura manta de aquecimento (°C) 60 Posição Alta 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -16 -16 -16 -16 -16 
2 -16 -9 -13 -6 -13 
4 -15 -1 -9 2 -10 
6 -13 5 -3 10 -4 
8 -9 12 2 16 1 
10 -5 16 7 20 5 
12 0 21 12 24 11 
14 3 24 16 27 15 
16 8 27 19 30 19 
18 12 30 23 33 23 
20 17 33 26 35 26 
22 21 35 29 37 29 
24 24 37 32 39 31 
26 28 39 34 40 34 
28 31 40 36 42 36 
30 34 42 38 43 38 
33 37 44 41 45 41 
36 40 46 43 47 44 
39 43 47 45 48 45 
42 45 49 46 50 47 
46 48 50 48 51 49 
50 50 52 50 53 51 
55 52 53 52 54 53 
60 54 54 53 55 54 
70 56 56 55 57 56 
80 58 58 57 59 58 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 31 (duplicata) DATA 13/12/2012 
Horário de início 09:14 Extrator E-1 
Temperatura manta de aquecimento (°C) 60 Posição Média 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -12 -7 -11 0 -11 
2 -11 0 -5 10 -7 
4 -9 7 3 19 -1 
6 -6 14 9 25 4 
8 -1 21 15 30 9 
10 3 25 21 33 15 
12 8 30 26 37 20 
14 14 33 30 39 25 
16 20 37 33 42 29 
18 25 40 37 44 33 
20 29 42 40 46 36 
22 33 45 42 48 39 
24 37 46 44 49 42 
26 40 48 46 50 44 
28 43 50 48 52 47 
30 46 51 50 53 48 
33 49 53 52 55 51 
36 52 55 54 56 53 
39 54 56 56 57 55 
42 56 58 57 59 57 
46 58 59 58 60 58 
50 60 61 60 62 60 
55 61 62 61 62 61 
60 62 63 62 64 62 
70 64 65 64 65 64 
80 66 66 65 67 66 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 32 (duplicata) DATA 13/12/2012 
Horário de início 10:55 Extrator E-1 
Temperatura manta de aquecimento (°C) 60 Posição Baixa 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -16 -12 -16 -4 -14 
2 -16 -7 -13 6 -8 
4 -14 0 -9 13 -3 
6 -12 6 -4 19 3 
8 -8 12 1 24 8 
10 -4 17 6 28 14 
12 0 21 11 31 18 
14 4 25 15 33 22 
16 9 28 20 36 25 
18 13 31 23 38 29 
20 18 34 27 40 31 
22 22 36 30 42 34 
24 26 38 33 43 37 
26 29 41 36 45 39 
28 32 43 37 46 40 
30 36 44 40 47 42 
33 39 46 43 49 45 
36 42 48 45 50 47 
39 45 49 47 52 49 
42 47 51 49 53 51 
46 50 53 51 54 52 
50 52 54 52 56 54 
55 54 55 54 57 55 
60 55 56 56 57 56 
70 58 58 57 59 58 
80 59 60 59 60 60 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 33 (duplicata) DATA 13/12/2012 
Horário de início 13:20 Extrator E-2 
Temperatura manta de aquecimento (°C) 60 Posição Alta 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -16 -16 -16 -16 -16 
2 -15 -13 -15 -11 -14 
4 -14 -11 -13 -9 -12 
6 -13 -8 -10 -6 -10 
8 -12 -4 -7 -2 -8 
10 -11 -1 -4 0 -5 
12 -10 2 -1 3 -2 
14 -9 4 1 6 0 
16 -7 7 4 9 3 
18 -5 10 7 12 5 
20 -3 13 10 14 8 
22 -1 15 12 16 10 
24 1 17 14 18 12 
26 3 19 16 20 15 
28 5 21 18 22 17 
30 8 22 20 23 19 
33 11 25 23 26 21 
36 15 27 25 28 24 
39 18 29 27 30 26 
42 21 31 29 32 28 
46 24 33 31 34 31 
50 27 35 33 36 33 
55 31 37 36 38 35 
60 34 39 38 40 38 
70 38 42 41 43 41 
80 42 45 44 45 44 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 34 (duplicata) DATA 13/12/2012 
Horário de início 15:05 Extrator E-2 
Temperatura manta de aquecimento (°C) 60 Posição Baixa 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -17 -16 -18 -16 -17 
2 -17 -11 -17 -14 -17 
4 -15 -5 -14 -10 -15 
6 -14 0 -10 -6 -13 
8 -11 5 -6 -1 -10 
10 -9 10 -2 2 -7 
12 -6 14 1 6 -3 
14 -3 17 5 10 0 
16 0 20 8 13 2 
18 2 23 12 16 5 
20 5 25 14 19 8 
22 8 27 17 21 11 
24 11 29 19 23 14 
26 13 30 22 26 17 
28 16 32 24 27 19 
30 18 33 26 29 21 
33 22 35 28 31 25 
36 25 36 30 33 27 
39 27 38 32 35 30 
42 30 39 34 36 32 
46 32 40 36 38 34 
50 35 42 38 40 36 
55 37 43 40 42 39 
60 40 44 41 43 41 
70 43 46 44 45 44 
80 45 47 46 47 46 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 35 (duplicata) DATA 13/12/2012 
Horário de início 16:46 Extrator E-2 
Temperatura manta de aquecimento (°C) 60 Posição Média 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -18 -17 -19 -17 -18 
2 -19 -13 -17 -17 -18 
4 -19 -8 -12 -15 -17 
6 -18 -3 -8 -12 -15 
8 -10 0 -4 -9 -12 
10 -17 4 0 -5 -9 
12 -15 8 3 -2 -6 
14 -13 11 6 0 -4 
16 -11 14 9 3 -1 
18 -9 16 12 6 1 
20 -7 18 14 8 4 
22 -4 20 17 11 6 
24 -2 22 19 13 9 
26 0 24 21 15 11 
28 2 26 22 17 13 
30 5 27 24 19 16 
33 9 29 26 22 19 
36 12 31 28 25 21 
39 15 33 30 27 24 
42 18 34 32 29 26 
46 22 36 34 32 29 
50 26 38 36 34 32 
55 30 40 38 36 35 
60 33 42 41 39 37 
70 39 45 43 43 42 
80 44 48 47 46 46 






UNIVERSIDADE ESTADUAL DE CAMPINAS  
FACULDADE DE ENGENHARIA DE ALIMENTO S  
DEPARTAMENTO  DE ENGENHARIA DE ALIMENTO S  





CORRIDA EXP N° 36 (duplicata) DATA 13/12/2012 
Horário de início 19:12 Extrator E-1 
Temperatura manta de aquecimento (°C) 60 Posição Alta 
Tempo (min) 
Temperatura indicador (°C) 
Centro Frontal* Direito* Esquerdo* Posterior* 
1 2 3 4 5 
0 -15 -12 -17 -9 -16 
2 -16 -5 -16 0 -16 
4 -15 2 -14 9 -13 
6 -13 9 -9 16 -9 
8 -10 15 -5 21 -4 
10 -6 20 0 25 0 
12 -2 24 5 28 5 
14 2 27 9 31 10 
16 6 29 13 33 147 
18 10 32 17 35 18 
20 15 34 21 37 22 
22 19 36 25 39 25 
24 23 38 28 40 28 
26 27 39 31 41 31 
28 30 41 33 43 34 
30 32 42 35 44 36 
33 36 44 39 45 39 
36 39 46 41 47 42 
39 42 47 43 48 44 
42 44 48 45 50 46 
46 46 50 47 50 48 
50 48 51 49 52 50 
55 50 52 50 53 51 
60 52 53 51 54 53 
70 54 55 53 56 54 
80 56 56 55 57 56 









DADOS EXPERIMENTAIS DE EXTRAÇÃO DE ÓLEO DE CRAVO-DA-ÍNDIA POR 
SFE 
O Apêndice D compreende os dados experimentais da parte referente ao Capítulo 4 
desta tese. Tanto informações de rendimento de extrato e vazão de solvente quanto rotinas 
de ajuste do modelo spline, cromatograma de análise e parâmetros cinéticos são 
apresentados no presente apêndice. 
Nomenclatura 
Símbolo Descrição Unidade 
CER Taxa constante de extração - 
tCER Final do período CER min 
MCER Taxa de transferência de massa no período CER g extrato/min 
RCER Rendimento de extrato no período CER %, g extrato/100 g de 
extraível 
YCER Razão mássica de soluto na fase fluida na saída do 
extrato para o período CER 
g extrato/kg de solvente 
Rend. acum. Rendimento acumulado %, g extrato/100 g cravo 
TV Totalizador de vazão m3 
DP Despressurização - 
VI Velocidade intersticial de CO2 cm/min 
VS Velocidade superficial de CO2 cm/min 
VM Vazão mássica de CO2  
* Extraível: significa a quantidade de extrato de cravo obtida por SFE-CO2 a 40°C, 15 MPa e S/F de 19,6 g 
CO2/g cravo. 
Devido à formatação da Tabela 1 (artigo – Capítulo 4) pela Elsevier, a mesma foi 
desconfigurada e isto não foi notado na prova de correções. A Tabela correta encontra-se abaixo: 
 Stage 1 Stage 2 
Extractor E-1 E-2 E-1 E-2 E-3 
Clove (kg) 0.57 0.57 0.60 0.60 0.06 
ρa (kg/m
3
) 0.57±0.01 0.57±0.01 0.60±0.01 0.60±0.01 0.60±0.01 
ε (-) 0.58±0.01 0.58±0.01 0.56±0.01 0.56±0.01 0.57±0.01 
QCO2 × 10
3
 (kg/min) 4.2-13.3 7.2-23.6 7-19 7-19 1.9 
S/F (g CO2/g dry clove) 1.7-5.4 3.0-9.6 2.6-6.6 2.6-6.6 6.6 
u × 10
3






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 




Tempo (min) S/F TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,11 1,872 119,1751 9,3567 9,3567 1,82
5 0,22 1,904 115,2549 10,9181 20,2748 3,94
7,5 0,34 1,937 110,2549 15,9181 36,1929 7,04
10 0,45 1,970 111,2007 9,2115 45,4044 8,83
12,5 0,57 2,004 111,1739 8,7749 54,1793 10,53
15 0,69 2,038 107,0465 6,0699 60,2492 11,71
20 0,93 2,106 109,3499 9,9906 70,2398 13,65
25 1,17 2,173 113,7093 11,7838 82,0236 15,95
30 1,41 2,243 98,0715 5,3837 87,4073 16,99
35 1,64 2,309 109,5588 3,3524 90,7597 17,64
40 1,88 2,378 93,1655 2,1596 92,9193 18,06
45 2,11 2,444 112,5492 1,8501 94,7694 18,42
50 2,35 2,512 111,1597 1,5074 96,2768 18,72
60 2,81 2,642 119,4931 2,4016 98,6784 19,18
80 3,73 2,905 118,8943 3,0982 101,7766 19,79
100 4,63 3,164 106,1098 1,1062 102,8828 20,00
120 5,51 3,415 106,7638 0,9492 103,8320 20,19
150 6,93 3,819 109,4230 1,5793 105,4113 20,49
180 8,28 4,206 95,3349 0,9458 106,3571 20,68
210 9,59 4,581 107,6000 0,6800 107,0371 20,81




















Temperatura (°C) Vazão (L/min) VI (mm/min)
Frasco + extrato (g)
128,5318
126,1730
CORRIDA EXPERIMENTAL - VI Constante 1 - Velocidade C
Massa cravo (g) TV Início (m³) Pressão M-2 (bar)






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 




Tempo (min) S/F TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,06 4,887 119,1677 6,8218 6,8218 1,35
5 0,13 4,906 115,2452 3,6646 10,4864 2,07
7,5 0,20 4,924 110,7550 3,2495 13,7359 2,72
10 0,26 4,942 111,1990 3,0329 16,7688 3,32
12,5 0,33 4,961 111,1720 2,8272 19,5960 3,87
15 0,39 4,978 107,0458 2,7118 22,3078 4,41
20 0,52 5,015 109,3494 5,8857 28,1935 5,57
25 0,65 5,053 113,7083 6,0568 34,2503 6,77
30 0,78 5,089 98,0700 5,8612 40,1115 7,93
35 0,92 5,128 106,7001 6,1224 46,2339 9,14
40 1,05 5,163 94,9074 5,8415 52,0754 10,30
45 1,17 5,199 112,5490 5,9755 58,0509 11,48
50 1,31 5,237 111,8743 5,7459 63,7968 12,61
60 1,57 5,310 120,2550 11,1213 74,9181 14,81
80 2,09 5,455 118,8883 13,0332 87,9513 17,39
100 2,59 5,596 107,6488 5,6267 93,5780 18,50
120 3,09 5,738 106,7621 2,3183 95,8963 18,96
150 3,85 5,951 109,4224 2,5211 98,4174 19,46
180 4,63 6,169 95,3346 1,7109 100,1283 19,80
210 5,41 6,389 107,6011 1,1161 101,2444 20,02




















Temperatura (°C) Vazão (L/min) VI (mm/min)
Frasco + extrato (g)
125,9895
118,9098
CORRIDA EXPERIMENTAL - VI Constante 2 - Velocidade C
Massa cravo (g) TV Início (m³) Pressão M-2 (bar)






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 




Tempo (min) S/F TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,05 6,666 119,1677 6,8218 6,8218 1,35
5 0,09 6,677 115,2452 3,6646 10,4864 2,07
7,5 0,12 6,687 110,7550 3,2495 13,7359 2,72
10 0,16 6,698 111,1990 3,0329 16,7688 3,31
12,5 0,20 6,709 111,1720 2,8272 19,5960 3,87
15 0,24 6,721 107,0458 2,7118 22,3078 4,41
20 0,33 6,745 109,3494 5,8857 28,1935 5,57
25 0,41 6,769 113,7083 6,0568 34,2503 6,77
30 0,50 6,793 98,0700 5,8612 40,1115 7,93
35 0,58 6,816 106,7001 6,1224 46,2339 9,14
40 0,67 6,841 94,9074 5,8415 52,0754 10,29
45 0,76 6,866 112,5490 5,9755 58,0509 11,47
50 0,85 6,891 111,8743 5,7459 63,7968 12,61
60 1,02 6,940 120,2550 11,1213 74,9181 14,81
80 1,36 7,035 118,8883 13,0332 87,9513 17,38
100 1,70 7,131 107,6488 5,6267 93,5780 18,50
120 2,04 7,225 106,7621 2,3183 95,8963 18,96
150 2,54 7,366 109,4224 2,5211 98,4174 19,45
180 3,04 7,507 95,3346 1,7109 100,1283 19,79
210 3,55 7,651 107,6011 1,1161 101,2444 20,01




















Temperatura (°C) Vazão (L/min) VI (mm/min)
Frasco + extrato (g)
125,9895
118,9098
CORRIDA EXPERIMENTAL - VI Constante 3 - Velocidade B
Massa cravo (g) TV Início (m³) Pressão M-2 (bar)






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 




Tempo (min) S/F TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,04 7,920 119,1666 4,8481 4,8481 0,96
5 0,07 7,930 115,2437 4,1868 9,0349 1,79
7,5 0,11 7,939 110,7535 3,9479 12,9828 2,57
10 0,14 7,949 111,1980 3,8150 16,7978 3,32
12,5 0,17 7,958 111,1699 3,6217 20,4195 4,04
15 0,21 7,969 107,0443 3,1868 23,6063 4,67
20 0,28 7,989 109,3479 6,3483 29,9546 5,92
25 0,36 8,010 113,7078 6,3461 36,3007 7,18
30 0,43 8,030 98,0688 4,6335 40,9342 8,09
35 0,51 8,051 106,6989 4,3160 45,2502 8,94
40 0,57 8,070 94,9062 4,1761 49,4263 9,77
45 0,64 8,090 112,5469 4,0639 53,4902 10,57
50 0,71 8,109 111,7961 4,0051 57,4953 11,36
60 0,85 8,148 120,2529 7,9353 65,4306 12,93
80 1,15 8,231 118,8858 14,7514 80,1820 15,85
100 1,44 8,314 107,6462 10,1287 90,3107 17,85
120 1,73 8,396 106,7612 3,2689 93,5796 18,50
150 2,16 8,516 109,4212 3,1076 96,6872 19,11
180 2,58 8,633 95,3332 1,9994 98,6866 19,51
210 2,99 8,748 107,5995 1,6411 100,3277 19,83
DP DP 8,993 106,4251 0,8278 101,1555 19,99
119,4305
CORRIDA EXPERIMENTAL - VI Constante 4 - Velocidade A
Massa cravo (g) TV Início (m³) Pressão M-2 (bar)
Massa cravo seco (g) Extrator VS (mm/min)
Temperatura (°C) Vazão (L/min) VI (mm/min)


























Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 




Tempo (min) S/F TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,07 9,012 119,1666 4,8481 4,8481 0,96
5 0,13 9,029 115,2437 4,1868 9,0349 1,79
7,5 0,19 9,047 110,7535 3,9479 12,9828 2,57
10 0,25 9,064 111,1980 3,8150 16,7978 3,32
12,5 0,32 9,082 111,1699 3,6217 20,4195 4,04
15 0,38 9,101 107,0443 3,1868 23,6063 4,67
20 0,51 9,136 109,3479 6,3483 29,9546 5,92
25 0,64 9,172 113,7078 6,3461 36,3007 7,18
30 0,76 9,207 98,0688 4,6335 40,9342 8,10
35 0,89 9,243 106,6989 4,3160 45,2502 8,95
40 1,02 9,280 94,9062 4,1761 49,4263 9,77
45 1,15 9,317 112,5469 4,0639 53,4902 10,58
50 1,28 9,353 111,7961 4,0051 57,4953 11,37
60 1,53 9,424 120,2529 7,9353 65,4306 12,94
80 2,04 9,567 118,8858 14,7514 80,1820 15,86
100 2,56 9,712 107,6462 10,1287 90,3107 17,86
120 3,06 9,854 106,7612 3,2689 93,5796 18,51
150 3,84 10,072 109,4212 3,1076 96,6872 19,12
180 4,61 10,289 95,3332 1,9994 98,6866 19,52
210 5,38 10,504 107,5995 1,6411 100,3277 19,84




















Temperatura (°C) Vazão (L/min) VI (mm/min)
Frasco + extrato (g)
124,0147
119,4305
CORRIDA EXPERIMENTAL - VI Constante 5 - Velocidade C (duplicata)
Massa cravo (g) TV Início (m³) Pressão M-2 (bar)






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 




Tempo (min) S/F TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,03 10,789 119,1676 6,1410 6,1410 1,21
5 0,07 10,799 115,2458 4,7302 10,8712 2,15
7,5 0,10 10,808 110,7561 3,8522 14,7234 2,91
10 0,14 10,818 111,2003 3,6712 18,3946 3,63
12,5 0,17 10,829 111,1724 3,6304 22,0250 4,35
15 0,21 10,840 107,0475 3,5562 25,5812 5,05
20 0,28 10,860 109,3625 6,7376 32,3188 6,38
25 0,36 10,881 114,0379 6,2689 38,5877 7,62
30 0,43 10,901 98,0705 5,8363 44,4240 8,78
35 0,50 10,920 106,6998 5,7830 50,2070 9,92
40 0,57 10,939 94,9077 5,8184 56,0254 11,07
45 0,64 10,959 112,5482 5,6297 61,6551 12,18
50 0,71 10,980 111,7979 5,4820 67,1371 13,26
60 0,86 11,022 120,2539 7,6394 74,7765 14,77
80 1,15 11,103 118,8877 10,9168 85,6933 16,93
100 1,43 11,181 107,6482 3,9417 89,6350 17,71
120 1,71 11,260 106,7630 2,1894 91,8244 18,14
150 2,15 11,384 109,4225 2,4992 94,3236 18,63
180 2,59 11,507 106,2457 1,6256 95,9492 18,95
210 3,01 11,627 107,6006 1,2407 97,1899 19,20




















Temperatura (°C) Vazão (L/min) VI (mm/min)
Frasco + extrato (g)
125,3086
119,9760
CORRIDA EXPERIMENTAL - VI Constante 6 - Velocidade A (duplicata)
Massa cravo (g) TV Início (m³) Pressão M-2 (bar)






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 




Tempo (min) S/F TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,06 11,899 113,4021 10,1499 10,1499 2,01
5 0,14 11,921 112,2291 7,0493 17,1992 3,40
7,5 0,22 11,942 120,7675 6,9513 24,1505 4,77
10 0,30 11,965 129,3084 11,3684 35,5189 7,02
12,5 0,38 11,987 110,4399 7,7098 43,2287 8,54
15 0,45 12,007 138,2467 5,6545 48,8832 9,66
20 0,60 12,049 106,7934 10,9568 59,8400 11,83
25 0,75 12,092 128,8664 11,2862 71,1262 14,06
30 0,90 12,134 110,0225 8,1842 79,3104 15,68
35 1,05 12,175 109,5339 4,8266 84,1370 16,63
40 1,20 12,218 121,0779 2,4068 86,5438 17,11
45 1,36 12,262 119,3781 1,6435 88,1873 17,43
50 1,50 12,304 120,7470 1,4483 89,6356 17,72
60 1,82 12,392 156,2423 2,2620 91,8976 18,16
80 2,45 12,571 122,0733 3,2765 95,1741 18,81
100 3,07 12,744 100,4523 2,1608 97,3349 19,24
120 3,70 12,922 117,4314 1,3559 98,6908 19,51
150 4,62 13,179 116,0083 1,4097 100,1005 19,79
180 5,51 13,429 95,3342 0,9517 101,0522 19,97
210 6,37 13,672 109,5584 0,8131 101,8653 20,13




















Temperatura (°C) Vazão (L/min) VI (mm/min)
Frasco + extrato (g)
123,5520
119,2784
CORRIDA EXPERIMENTAL - VI Constante 7 - Velocidade B
Massa cravo (g) TV Início (m³) Pressão M-2 (bar)






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 




Tempo (min) S/F TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,10 13,979 119,1668 15,2800 15,2800 3,02
5 0,22 14,012 112,2265 10,8024 26,0824 5,15
7,5 0,34 14,046 110,7541 10,5493 36,6317 7,24
10 0,46 14,079 111,1966 9,1875 45,8192 9,05
12,5 0,58 14,113 111,1694 7,6406 53,4598 10,56
15 0,70 14,147 107,0435 6,5320 59,9918 11,85
20 0,93 14,213 109,3455 11,8927 71,8845 14,20
25 1,17 14,279 113,7055 11,2297 83,1142 16,42
30 1,40 14,346 98,0693 6,2701 89,3843 17,66
35 1,64 14,411 106,6995 2,6338 92,0181 18,18
40 1,87 14,476 94,9040 1,4979 93,5160 18,47
45 2,10 14,543 112,5448 1,1549 94,6709 18,70
50 2,34 14,609 111,7938 0,8107 95,4816 18,86
60 2,80 14,738 120,2494 1,3674 96,8490 19,13
80 3,72 14,997 118,8631 2,0838 98,9328 19,54
100 4,65 15,258 107,6454 1,4554 100,3882 19,83
120 5,58 15,521 106,7602 1,4266 101,8148 20,11
150 6,97 15,910 116,0074 1,3911 103,2059 20,39
180 8,38 16,308 95,3320 1,0264 104,2323 20,59
210 9,80 16,707 109,5561 0,7915 105,0238 20,75




















Temperatura (°C) Vazão (L/min) VI (mm/min)
Frasco + extrato (g)
134,4468
123,0289
CORRIDA EXPERIMENTAL - VI Constante 8 - Velocidade C (duplicata)
Massa cravo (g) TV Início (m³) Pressão M-2 (bar)






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 




Tempo (min) S/F TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,06 16,980 113,4020 8,8662 8,8662 1,75
5 0,14 17,002 115,2459 8,2637 17,1299 3,39
7,5 0,22 17,025 120,7642 7,7601 24,8900 4,92
10 0,30 17,048 138,2487 6,9865 31,8765 6,30
12,5 0,38 17,070 110,4386 6,1273 38,0038 7,51
15 0,46 17,093 129,3052 5,4848 43,4886 8,60
20 0,62 17,137 106,7939 10,4563 53,9449 10,67
25 0,78 17,182 128,8653 10,0690 64,0139 12,66
30 0,93 17,225 110,0262 9,4286 73,4425 14,52
35 1,09 17,269 109,5345 6,5285 79,9710 15,81
40 1,25 17,315 121,0795 4,0453 84,0163 16,61
45 1,41 17,358 119,3760 2,0115 86,0278 17,01
50 1,56 17,401 120,7479 1,3287 87,3565 17,27
60 1,86 17,486 156,2346 2,0722 89,4287 17,68
80 2,49 17,663 122,0746 3,1146 92,5433 18,30
100 3,11 17,838 100,4522 1,8903 94,4336 18,67
120 3,74 18,013 117,4317 1,2568 95,6904 18,92
150 4,66 18,273 109,4224 1,5081 97,1985 19,22
180 5,57 18,528 106,1092 0,7881 97,9866 19,37
210 6,43 18,771 107,6010 0,6512 98,6378 19,50
DP DP 19,039 117,9582 0,2172 98,8550 19,55
VI (mm/min)




CORRIDA EXPERIMENTAL - VI Constante 9 - Velocidade B (duplicata)
Massa cravo (g) TV Início (m³) Pressão M-2 (bar)
Massa cravo seco (g) Extrator VS (mm/min)
























Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 




Tempo (min) S/F TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,02 19,046 119,1573 2,2490 2,2490 0,44
5 0,05 19,052 112,2219 1,8585 4,1075 0,81
7,5 0,07 19,059 110,7469 2,0387 6,1462 1,21
10 0,09 19,065 111,1949 1,7288 7,8750 1,56
12,5 0,12 19,072 111,1651 1,5998 9,4748 1,87
15 0,14 19,077 107,0404 1,7583 11,2331 2,22
20 0,17 19,088 109,3455 3,1935 14,4266 2,85
25 0,21 19,099 113,7016 2,9317 17,3583 3,43
30 0,25 19,109 98,0681 2,4021 19,7604 3,90
35 0,29 19,121 106,6968 2,2734 22,0338 4,35
40 0,33 19,133 94,9053 2,0923 24,1261 4,77
45 0,37 19,144 112,5439 2,0400 26,1661 5,17
50 0,42 19,156 111,7938 2,2089 28,3750 5,61
60 0,49 19,177 120,2520 4,4210 32,7960 6,48
80 0,66 19,224 118,8619 9,3503 42,1463 8,33
100 0,81 19,267 107,6456 10,1025 52,2488 10,32
120 0,97 19,313 106,7610 10,2637 62,5125 12,35
150 1,23 19,385 116,0067 13,9557 76,4682 15,11
180 1,48 19,454 95,3341 8,6425 85,1107 16,82
210 1,71 19,519 109,5575 2,2054 87,3161 17,25
DP DP 19,785 106,4263 1,4471 88,7632 17,54





CORRIDA EXPERIMENTAL - VI Constante 10 - Velocidade A
Massa cravo (g) TV Início (m³) Pressão M-2 (bar)
Massa cravo seco (g) Extrator VS (mm/min)























Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 




Tempo (min) S/F TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,04 19,795 117,9567 1,9559 1,9559 0,39
5 0,06 19,801 115,2454 1,6474 3,6033 0,71
7,5 0,07 19,806 120,7608 1,6572 5,2605 1,04
10 0,09 19,811 138,2447 2,0504 7,3109 1,45
12,5 0,11 19,816 110,4385 2,1333 9,4442 1,87
15 0,13 19,822 129,3014 1,7733 11,2175 2,22
20 0,17 19,832 106,7939 3,0978 14,3153 2,83
25 0,21 19,843 128,8643 3,0352 17,3505 3,43
30 0,25 19,855 110,0266 2,8640 20,2145 4,00
35 0,29 19,866 109,5342 3,0993 23,3138 4,61
40 0,32 19,876 121,0782 2,9833 26,2971 5,20
45 0,37 19,888 119,3729 3,3426 29,6397 5,86
50 0,41 19,899 120,7480 3,3222 32,9619 6,52
60 0,49 19,923 156,2314 6,2726 39,2345 7,76
80 0,67 19,972 122,0747 12,5818 51,8163 10,24
100 0,85 20,023 100,4514 11,4638 63,2801 12,51
120 1,01 20,070 117,4307 10,7150 73,9951 14,63
150 1,26 20,139 109,4221 9,7149 83,7100 16,55
180 1,49 20,204 106,1087 1,7170 85,4270 16,89
210 1,70 20,264 107,6002 1,2839 86,7109 17,14
DP DP 20,529 121,0720 1,0976 87,8085 17,36





CORRIDA EXPERIMENTAL - VI Constante 11 - Velocidade A (duplicata)
Massa cravo (g) TV Início (m³) Pressão M-2 (bar)
Massa cravo seco (g) Extrator VS (mm/min)























Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 




Tempo (min) S/F TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,04 20,539 119,1646 5,1591 5,1591 1,02
5 0,07 20,550 112,2298 4,9347 10,0938 1,99
7,5 0,12 20,562 110,7528 4,4932 14,5870 2,88
10 0,16 20,573 111,1976 4,0355 18,6225 3,68
12,5 0,20 20,584 111,1699 3,9593 22,5818 4,46
15 0,24 20,596 107,0450 3,6170 26,1988 5,17
20 0,32 20,620 109,3449 7,4011 33,5999 6,64
25 0,41 20,643 113,7042 6,1416 39,7415 7,85
30 0,49 20,668 98,0675 6,3592 46,1007 9,11
35 0,58 20,692 106,6991 6,1416 52,2423 10,32
40 0,67 20,717 94,9075 6,1510 58,3933 11,53
45 0,75 20,740 112,5468 5,8016 64,1949 12,68
50 0,84 20,764 111,7969 5,0961 69,2910 13,69
60 1,01 20,813 120,2492 8,8314 78,1224 15,43
80 1,34 20,907 118,8640 8,3171 86,4395 17,07
100 1,68 21,001 107,6441 2,6009 89,0404 17,59
120 2,02 21,097 106,7599 2,1687 91,2091 18,01
150 2,52 21,238 116,0051 1,8061 93,0152 18,37
180 3,00 21,372 95,3305 1,0962 94,1114 18,59
210 3,48 21,509 109,5576 0,7721 94,8835 18,74
DP DP 21,770 106,4247 0,5815 95,4650 18,85
VI (mm/min)






















CORRIDA EXPERIMENTAL - VI Constante 12- Velocidade B (duplicata)
Massa cravo (g) TV Início (m³) Pressão M-2 (bar)
Massa cravo seco (g) Extrator VS (mm/min)






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
104,0 62,5 86,0 1,7 763 0,14 
600,5 180,446 E-2
547,6 6,78 12,61
Tempo (min) S/F T saída (°C) TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,07 38 180,467 110,7565 5,6338 5,6338 1,03
5 0,13 40 180,485 110,0235 3,9872 9,6210 1,76
7,5 0,19 41 180,504 106,7621 3,6407 13,2617 2,42
10 0,25 42 180,523 98,0684 4,1113 17,3730 3,17
12,5 0,31 42 180,541 94,9056 4,0907 21,4637 3,92
15 0,37 42 180,560 107,0435 4,3077 25,7714 4,71
20 0,50 43 180,597 106,7933 8,8108 34,5822 6,32
25 0,61 43 180,633 111,1981 8,9289 43,5111 7,95
30 0,73 43 180,667 106,6981 8,7061 52,2172 9,54
35 0,84 43 180,702 109,3457 9,2415 61,4587 11,22
40 0,96 44 180,737 112,2295 8,7373 70,1960 12,82
50 1,20 44 180,810 117,4285 13,7594 83,9554 15,33
60 1,41 43 180,875 109,4190 11,9370 95,8924 17,51
80 1,82 44 181,000 113,7051 8,1887 104,0811 19,01
100 2,25 44 181,131 95,3324 1,6945 105,7756 19,32
120 2,66 44 181,255 112,5451 0,8173 106,5929 19,46
150 3,32 44 181,457 109,5320 1,1834 107,7763 19,68
180 4,01 43 181,665 121,0766 1,0223 108,7986 19,87
210 4,68 43 181,870 110,4375 0,7278 109,5264 20,00
DP DP  - 182,125 109,5573 0,3880 109,9144 20,07
1 - S/F II (4,6)
Massa cravo (g)
Massa cravo seco (g)



















Vazão (L/min) VM (g/min)
Frasco + extrato (g)
116,3903
114,0107






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
101,9 43,6 84,2 2,3 742 0,14 
600,3 182,125 E-2
547,5 9,60 18,72
Tempo (min) S/F T saída (°C) TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,10 40 182,154 110,7532 9,3768 9,3768 1,71
5 0,18 42 182,179 110,0234 7,9568 17,3336 3,17
7,5 0,25 43 182,202 106,7609 6,9090 24,2426 4,43
10 0,31 43 182,220 98,0672 7,0515 31,2941 5,72
12,5 0,38 42 182,241 94,9052 5,4851 36,7792 6,72
15 0,46 42 182,265 107,0428 5,9946 42,7738 7,81
20 0,62 42 182,313 106,7913 10,8779 53,6517 9,80
25 0,77 42 182,359 111,1973 10,0614 63,7131 11,64
30 0,93 43 182,408 106,6988 9,4367 73,1498 13,36
35 1,08 43 182,455 109,3502 9,2088 82,3586 15,04
40 1,24 43 182,502 112,2299 8,6199 90,9785 16,62
50 1,52 44 182,587 117,4306 10,1862 101,1647 18,48
60 1,81 44 182,675 109,4211 1,4780 102,6427 18,75
80 2,44 44 182,866 113,6949 1,8992 104,5419 19,09
100 3,02 43 183,044 95,3243 1,3344 105,8763 19,34
120 3,65 44 183,235 112,5391 1,2701 107,1464 19,57
150 4,60 44 183,525 109,5269 1,7209 108,8673 19,88
180 5,57 44 183,820 121,0709 1,2995 110,1668 20,12
210 6,63 43 184,141 110,4297 1,0854 111,2522 20,32






















CORRIDA EXPERIMENTAL - S/F Constante 2 - S/F III (6,6)
Massa cravo (g) TV Início (m³) Extrator






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
93,0 64,6 77,0 1,4 751 0,12 
600,3 184,378 E-1
547,5 6,64 12,94
Tempo (min) S/F T saída (°C) TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,07 37 184,398 110,7540 6,7968 6,7968 1,24
5 0,12 38 184,415 110,0282 4,6959 11,4927 2,10
7,5 0,18 38 184,432 106,7640 4,4128 15,9055 2,91
10 0,23 38 184,448 98,0712 4,0987 20,0042 3,65
12,5 0,29 39 184,465 94,9061 3,9292 23,9334 4,37
15 0,35 39 184,483 107,0450 3,8367 27,7701 5,07
20 0,46 39 184,517 106,7936 6,4728 34,2429 6,25
25 0,58 40 184,553 111,1993 6,1241 40,3670 7,37
30 0,69 40 184,587 106,7000 5,6004 45,9674 8,40
35 0,80 40 184,622 109,3494 5,6232 51,5906 9,42
40 0,91 41 184,656 112,2313 5,2971 56,8877 10,39
50 1,14 41 184,725 117,4324 9,6123 66,5000 12,15
60 1,36 42 184,791 109,3903 7,9215 74,4215 13,59
80 1,80 42 184,926 113,7096 10,4354 84,8569 15,50
100 2,26 43 185,064 95,3345 5,8289 90,6858 16,56
120 2,65 42 185,184 112,5502 2,9900 93,6758 17,11
150 3,34 43 185,394 109,5358 2,5882 96,2640 17,58
180 3,94 42 185,575 121,0801 1,1948 97,4588 17,80
210 4,58 43 185,772 110,4408 1,0010 98,4598 17,98






















CORRIDA EXPERIMENTAL - S/F Constante 3 - S/F II (4,6)
Massa cravo (g) TV Início (m³) Extrator






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
98,1 86,7 81,2 1,1 577 0,17 
600,4 185,989 E-2
547,6 3,70 7,06
Tempo (min) S/F T saída (°C) TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,04 37 186,001 110,7495 4,5328 4,5328 0,83
5 0,07 39 186,010 110,0203 4,0021 8,5349 1,56
7,5 0,10 40 186,020 106,7575 3,8104 12,3453 2,25
10 0,13 40 186,030 98,0655 3,4800 15,8253 2,89
12,5 0,17 41 186,040 94,9033 3,5574 19,3827 3,54
15 0,20 41 186,051 107,0422 3,5236 22,9063 4,18
20 0,27 41 186,072 106,7907 6,6281 29,5344 5,39
25 0,34 41 186,092 111,1962 5,8695 35,4039 6,47
30 0,40 41 186,111 106,6979 5,2229 40,6268 7,42
35 0,47 41 186,132 109,3480 5,4169 46,0437 8,41
40 0,53 42 186,150 112,2300 5,3760 51,4197 9,39
50 0,64 42 186,183 117,4304 9,6936 61,1133 11,16
60 0,77 42 186,222 109,3888 9,0713 70,1846 12,82
80 0,99 42 186,291 113,7073 14,8599 85,0445 15,53
100 1,26 42 186,371 95,3333 12,6258 97,6703 17,84
120 1,51 41 186,447 112,5473 2,5715 100,2418 18,31
150 1,86 42 186,555 109,5782 0,4731 100,7149 18,39
180 2,20 41 186,658 117,9565 0,8128 101,5277 18,54
210 2,55 41 186,765 120,7496 0,4966 102,0243 18,63






















CORRIDA EXPERIMENTAL - S/F Constante 4 - S/F I (2,6)
Massa cravo (g) TV Início (m³) Extrator






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
87,4 90,6 72,2 1,0 631 0,14 
600,5 187,001 E-1
547,6 3,69 7,05
Tempo (min) S/F T saída (°C) TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,04 40 187,013 120,7456 6,2514 6,2514 1,14
5 0,08 40 187,024 109,3466 3,7364 9,9878 1,82
7,5 0,11 40 187,035 110,4366 3,4536 13,4414 2,45
10 0,14 41 187,045 109,3863 3,2519 16,6933 3,05
12,5 0,18 40 187,056 109,5343 2,8803 19,5736 3,57
15 0,21 40 187,065 107,0450 2,6098 22,1834 4,05
20 0,28 41 187,086 109,5579 4,7534 26,9368 4,92
25 0,35 41 187,108 110,0276 4,1769 31,1137 5,68
30 0,42 41 187,129 112,2319 3,9467 35,0604 6,40
35 0,48 40 187,148 94,9083 3,7389 38,7993 7,08
40 0,53 41 187,162 95,3353 3,6039 42,4032 7,74
50 0,65 40 187,200 106,7952 6,6367 49,0399 8,95
60 0,75 41 187,229 117,4333 6,9321 55,9720 10,22
80 0,99 40 187,303 98,0714 11,5674 67,5394 12,33
100 1,24 40 187,378 110,7561 9,6907 77,2301 14,10
120 1,49 40 187,455 111,1998 9,4402 86,6703 15,83
150 1,85 40 187,565 106,7633 8,1963 94,8666 17,32
180 2,20 40 187,671 117,9579 2,4520 97,3186 17,77
210 2,55 40 187,776 106,6956 1,5148 98,8334 18,05






















CORRIDA EXPERIMENTAL - S/F Constante 5 - S/F I (2,6)
Massa cravo (g) TV Início (m³) Extrator






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
92,5 45,2 76,5 2,1 775 0,12 
600,2 188,017 E-1
547,4 9,56 18,65
Tempo (min) S/F T saída (°C) TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,10 38 188,046 110,7548 9,9586 9,9586 1,82
5 0,17 39 188,069 109,5356 6,6084 16,5670 3,03
7,5 0,25 39 188,092 98,0701 6,1504 22,7174 4,15
10 0,32 39 188,115 113,7088 5,6571 28,3745 5,18
12,5 0,40 39 188,140 106,7554 5,1920 33,5665 6,13
15 0,48 40 188,163 107,0459 5,0814 38,6479 7,06
20 0,64 40 188,212 106,7938 9,5837 48,2316 8,81
25 0,80 41 188,261 111,1984 8,5814 56,8130 10,38
30 0,96 41 188,310 110,0276 8,1678 64,9808 11,87
35 1,12 41 188,359 109,3487 8,0103 72,9911 13,34
40 1,29 42 188,409 112,2261 6,7483 79,7394 14,57
50 1,61 42 188,508 121,0729 7,1516 86,8910 15,87
60 1,93 42 188,604 106,6954 4,8723 91,7633 16,76
80 2,48 42 188,770 112,5444 8,4435 100,2068 18,31
100 3,06 44 188,946 95,3317 5,1973 105,4041 19,26
120 3,77 43 189,164 117,4294 2,2491 107,6532 19,67
150 4,70 43 189,446 94,9047 1,6954 109,3486 19,98
180 5,69 43 189,747 109,3876 1,2091 110,5577 20,20
210 6,60 41 190,025 120,7497 1,1000 111,6577 20,40






















CORRIDA EXPERIMENTAL - S/F Constante 6 - S/F III (6,6)
Massa cravo (g) TV Início (m³) Extrator






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
96,2 44,5 79,6 2,2 757 0,13 
600,1 190,279 E-1
547,3 9,60 18,71
Tempo (min) S/F T saída (°C) TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,08 38 190,304 110,7532 11,8676 11,8676 2,17
5 0,17 38 190,331 109,5331 7,7389 19,6065 3,58
7,5 0,25 38 190,354 98,0683 6,4885 26,0950 4,77
10 0,33 38 190,378 113,7074 6,1807 32,2757 5,90
12,5 0,41 39 190,403 106,7603 5,8665 38,1422 6,97
15 0,49 40 190,427 107,0453 5,4768 43,6190 7,97
20 0,66 41 190,479 106,7936 10,4288 54,0478 9,88
25 0,82 42 190,527 111,1952 8,6989 62,7467 11,46
30 0,98 43 190,577 110,0270 7,5155 70,2622 12,84
35 1,14 43 190,626 109,3476 6,6736 76,9358 14,06
40 1,30 44 190,675 112,2294 5,5774 82,5132 15,08
50 1,62 43 190,771 121,0772 8,6844 91,1976 16,66
60 1,92 43 190,864 106,6996 5,7911 96,9887 17,72
80 2,52 43 191,045 112,5457 5,6393 102,6280 18,75
100 3,12 42 191,227 95,3354 1,3588 103,9868 19,00
120 3,75 42 191,420 117,4328 1,0678 105,0546 19,20
150 4,63 42 191,686 94,9077 1,0555 106,1101 19,39
180 5,60 43 191,982 109,3894 1,1887 107,2988 19,61
210 6,63 42 192,294 120,7500 1,1675 108,4663 19,82






















CORRIDA EXPERIMENTAL - S/F Constante 7 - S/F III (6,6) duplicata
Massa cravo (g) TV Início (m³) Extrator






Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
79,2 89,4 65,6 0,9 644 0,12 
600,5 192,318 E-1
547,7 3,86 7,14
Tempo (min) S/F T saída (°C) TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,05 39 192,332 117,4277 6,0054 6,0054 1,10
5 0,08 40 192,343 98,0666 3,6550 9,6604 1,76
7,5 0,12 40 192,353 121,0753 3,1632 12,8236 2,34
10 0,15 40 192,364 111,1966 3,2163 16,0399 2,93
12,5 0,19 40 192,375 109,5326 2,7202 18,7601 3,43
15 0,22 40 192,386 106,7615 2,7626 21,5227 3,93
20 0,29 40 192,405 112,2287 5,0737 26,5964 4,86
25 0,34 40 192,421 95,3324 4,9054 31,5018 5,75
30 0,41 40 192,442 109,3444 4,5336 36,0354 6,58
35 0,45 41 192,456 112,5434 4,7779 40,8133 7,45
40 0,53 41 192,478 94,9012 4,2354 45,0487 8,23
50 0,64 40 192,513 110,7476 7,9170 52,9657 9,67
60 0,77 40 192,552 113,7043 7,4285 60,3942 11,03
80 1,02 41 192,629 110,0228 13,1033 73,4975 13,42
100 1,26 41 192,701 107,0397 11,8279 85,3254 15,58
120 1,53 42 192,783 118,0549 7,1010 92,4264 16,88
150 1,91 41 192,900 110,4398 3,1535 95,5799 17,45
180 2,27 41 193,008 106,7932 1,4157 96,9956 17,71
210 2,66 42 193,128 106,6988 1,1189 98,1145 17,91















CORRIDA EXPERIMENTAL - S/F Constante 8 - S/F I (2,6) duplicata
Massa cravo (g) TV Início (m³) Extrator













Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
98,0 88,3 81,1 1,1 624 0,16 
600,3 193,356 E-2
547,5 3,79 7,00
Tempo (min) S/F T saída (°C) TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,04 38 193,368 117,4189 4,8324 4,8324 0,88
5 0,07 39 193,377 98,0633 3,3880 8,2204 1,50
7,5 0,10 40 193,387 121,0712 3,2550 11,4754 2,10
10 0,13 40 193,396 111,1950 3,2091 14,6845 2,68
12,5 0,16 40 193,406 109,5307 3,3372 18,0217 3,29
15 0,20 40 193,416 106,7578 3,3438 21,3655 3,90
20 0,26 40 193,436 112,2270 6,3165 27,6820 5,06
25 0,33 40 193,456 95,3324 5,6743 33,3563 6,09
30 0,39 40 193,476 109,3465 5,3107 38,6670 7,06
35 0,46 40 193,495 112,5458 5,3848 44,0518 8,05
40 0,52 41 193,515 94,9069 4,9090 48,9608 8,94
50 0,66 40 193,556 110,7545 9,9511 58,9119 10,76
60 0,78 41 193,594 113,7078 9,3193 68,2312 12,46
80 1,03 42 193,670 110,0250 17,0730 85,3042 15,58
100 1,29 42 193,749 107,0449 12,5391 97,8433 17,87
120 1,53 41 193,821 117,9581 1,9035 99,7468 18,22
150 1,90 42 193,935 110,4398 0,7211 100,4679 18,35
180 2,30 42 194,055 106,7968 0,9644 101,4323 18,53
210 2,61 42 194,151 120,7493 0,5684 102,0007 18,63















CORRIDA EXPERIMENTAL - S/F Constante 9 - S/F I (2,6) duplicata
Massa cravo (g) TV Início (m³) Extrator













Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
95,8 59,1 79,3 1,6 698 0,14 
600,1 194,445 E-1
547,3 6,61 12,89
Tempo (min) S/F T saída (°C) TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,07 38 194,466 106,7536 9,3958 9,3958 1,72
5 0,13 38 194,484 109,5252 5,6138 15,0096 2,74
7,5 0,19 39 194,503 121,0689 5,1660 20,1756 3,69
10 0,25 39 194,520 112,2232 4,4442 24,6198 4,50
12,5 0,31 40 194,538 110,4320 4,1975 28,8173 5,27
15 0,37 40 194,556 110,0190 3,7177 32,5350 5,94
20 0,48 41 194,592 95,3294 8,0835 40,6185 7,42
25 0,60 41 194,627 109,3444 7,4001 48,0186 8,77
30 0,72 42 194,665 98,0663 6,8543 54,8729 10,03
35 0,84 42 194,700 111,1935 6,8085 61,6814 11,27
40 0,95 41 194,735 117,4259 6,0049 67,6863 12,37
50 1,17 42 194,801 107,0420 11,0835 78,7698 14,39
60 1,36 42 194,859 112,5444 11,0138 89,7836 16,41
80 1,79 42 194,988 113,7057 8,2352 98,0188 17,91
100 2,24 41 195,126 110,7528 8,0934 106,1122 19,39
120 2,72 40 195,272 94,9054 2,0274 108,1396 19,76
150 3,27 41 195,440 106,7918 1,3077 109,4473 20,00
180 3,90 41 195,630 117,9537 1,7552 111,2025 20,32
210 4,57 42 195,833 106,6994 0,7896 111,9921 20,46















CORRIDA EXPERIMENTAL - S/F Constante 10 - S/F II (4,6) duplicata
Massa cravo (g) TV Início (m³) Extrator













Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
99,5 46,1 82,3 2,2 775 0,13 
600,4 195,971 E-2
547,6 9,54 18,60
Tempo (min) S/F T saída (°C) TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,08 38 195,995 106,7707 8,6558 8,6558 1,58
5 0,15 40 196,017 109,5323 6,7476 15,4034 2,81
7,5 0,22 41 196,038 121,0786 6,5409 21,9443 4,01
10 0,29 41 196,059 112,2309 5,8844 27,8287 5,08
12,5 0,36 42 196,080 110,4395 5,4779 33,3066 6,08
15 0,43 42 196,101 110,0265 5,2862 38,5928 7,05
20 0,57 43 196,145 95,3342 10,3311 48,9239 8,93
25 0,72 43 196,190 109,3461 9,8276 58,7515 10,73
30 0,86 42 196,234 98,0697 9,8553 68,6068 12,53
35 1,00 43 196,274 111,1989 7,7828 76,3896 13,95
40 1,18 43 196,329 117,4436 7,4439 83,8335 15,31
50 1,50 43 196,427 107,0455 11,3927 95,2262 17,39
60 1,76 42 196,506 112,5508 5,4738 100,7000 18,39
80 2,39 42 196,699 113,7082 3,2297 103,9297 18,98
100 3,02 41 196,889 110,7555 1,5455 105,4752 19,26
120 3,65 40 197,080 94,9071 1,0590 106,5342 19,45
150 4,61 39 197,372 106,7948 1,1912 107,7254 19,67
180 5,57 40 197,665 117,9561 1,1575 108,8829 19,88
210 6,58 40 197,974 120,7484 0,8258 109,7087 20,03















CORRIDA EXPERIMENTAL - S/F Constante 11 - S/F III (6,6) duplicata
Massa cravo (g) TV Início (m³) Extrator













Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
98,9 54,0 81,8 1,8 646 0,15 
600,5 198,194 E-2
547,6 6,61 12,90
Tempo (min) S/F T saída (°C) TV (m³) Frasco (g) Extrato (g) Acum (g) Rend acum (%)
2,5 0,06 38 198,211 113,7048 7,7153 7,7153 1,41
5 0,11 39 198,226 109,3478 5,4605 13,1758 2,41
7,5 0,15 39 198,240 110,4371 5,2153 18,3911 3,36
10 0,20 40 198,255 109,3876 5,4566 23,8477 4,35
12,5 0,25 40 198,270 109,5342 5,3161 29,1638 5,33
15 0,30 40 198,286 107,0443 5,3466 34,5104 6,30
20 0,40 40 198,315 112,5473 9,3419 43,8523 8,01
25 0,50 40 198,346 110,0257 8,8005 52,6528 9,62
30 0,59 40 198,375 112,2298 7,6054 60,2582 11,00
35 0,69 40 198,404 94,9074 7,6786 67,9368 12,41
40 0,82 40 198,444 95,3335 7,6530 75,5898 13,80
50 1,02 41 198,505 106,7933 10,8301 86,4199 15,78
60 1,25 41 198,573 117,4310 8,4886 94,9085 17,33
80 1,69 40 198,709 98,0692 7,1190 102,0275 18,63
100 2,11 39 198,836 110,7547 2,0974 104,1249 19,01
120 2,56 39 198,973 111,1991 1,4061 105,5310 19,27
150 3,23 40 199,177 106,7622 1,0527 106,5837 19,46
180 3,89 40 199,378 117,9565 0,9514 107,5351 19,64
210 4,57 41 199,583 106,7012 0,4249 107,9600 19,71















CORRIDA EXPERIMENTAL - S/F Constante 12 - S/F II (4,6) duplicata
Massa cravo (g) TV Início (m³) Extrator











Modelo de rotina de ajuste - SAS 
/* -------------------------------------------------------------------- */ 
/* Departamento de Engenharia de Alimentos - DEA / Unicamp              */ 
/* Ajuste das curvas experimentais no SAS                               */ 
/* Giovani Zabot e Moysés Naves de Moraes - LASEFI                      */ 
/* Campinas 29 de janeiro de 2013                                       */ 
/* -------------------------------------------------------------------- */ 
 
/* --[Cabeçalho]------------------------------------------------------- */ 
   Options NoDate NoNumber PS=100 LS=100 FormDLim='-'; 
   Title'Ensaio Cinético: 150bar/40oC CO2 - Giovani e Moysés'; 
   FootNote; 
/*----Leitura interna dos dados utilizando o Proc Import]-------------- */ 
Data Dados; 
input 
Tempo Reta1_E2_40 Reta2_E2_40 Reta1_E2_40R Reta2_E2_40R  Reta1_E1_40  Reta2_E1_40  
Reta1_E1_40R  Reta2_E1_40R Reta1_E1_70 Reta2_E1_70 Reta1_E1_70R  Reta2_E1_70R  Reta1_E2_70  
Reta2_E2_70  Reta1_E2_70R  Reta2_E2_70R Reta1_E2_100  Reta2_E2_100  Reta1_E2_100R Reta2_E2_100R  
Reta1_E1_100  Reta2_E1_100 Reta1_E1_100R  Reta2_E1_100R Reta1_Speed1  Reta2_Speed1  Reta1_Speed2  
Reta2_Speed2;       
Cards; 
2.5 3.8 . 4.0 . 5.0 . 5.2 . 6.1 . 7.8 . 4.7 . 6.4 . 7.7 . 7.2 . 8.2 . 9.8 . 1.9 . 2.9 . 
5 7.1 . 6.8 . 8.0 . 8.2 . 10.1 . 12.4 . 8.0 . 10.9 . 14.4 . 12.7 . 13.7 . 16.2 . 8.1 . 8.9 . 
7.5 10.2 . 9.5 . 10.6 . 11.1 . 13.9 . 16.7 . 11.0 . 15.2 . 20.1 . 18.2 . 18.8 . 21.6 . 12.9 . 16.5 . 
10 13.1 . 12.1 . 13.3 . 13.8 . 17.1 . 20.4 . 14.4 . 19.7 . 25.9 . 23.0 . 23.5 . 26.7 . 18.7 . 22.5 . 
12.5 16.0 . 14.9 . 15.5 . 16.2 . 20.1 . 23.9 . 17.8 . 24.1 . 30.4 . 27.5 . 27.8 . 31.6 . 24.8 . 27.8 . 
15 18.9 . 17.7 . 17.8 . 18.3 . 22.6 . 26.9 . 21.3 . 28.5 . 35.4 . 31.9 . 32.0 . 36.1 . 30.3 . 33.1 . 
20 24.4 . 22.9 . 22.0 . 22.3 . 27.4 . 32.8 . 28.6 . 36.3 . 44.4 . 40.5 . 39.9 . 44.8 . 37.9 . 44.4 . 
25 29.3 . 27.6 . 26.0 . 25.7 . 32.7 . 38.9 . 36.0 . 43.6 . 52.7 . 48.6 . 47.0 . 51.9 . 44.7 . 50.0 . 
30 33.6 . 32.0 . 29.8 . 29.0 . 36.6 . 44.6 . 43.2 . 49.8 . 60.5 . 56.8 . 53.8 . 58.2 . 53.8 . 57.1 . 
35 38.1 . 36.5 . 33.7 . 32.1 . 40.8 . 48.6 . 50.8 . 56.2 . 68.1 . 63.2 . 60.4 . 63.7 . 62.3 . 63.1 . 
40 42.5 . 40.5 . 37.3 . 35.1 . 44.6 . 53.5 . 58.1 . 62.5 . 75.3 . 69.4 . 66.0 . 68.3 . 69.5 . 69.3 . 
50 50.6 . 48.7 . 43.8 . 40.5 . . 49.9 62.7 . 69.4 . 71.5 . 83.7 . 78.8 . . 71.8 75.5 . 75.7 . 82.4 . 
60 58.1 . 56.4 . 50.0 . 46.3 . . 60.7 71.0 . 79.3 . 78.5 . . 84.9 . 83.3 . 75.9 80.3 . . 79.2 85.3 . 
80 70.4 . 70.6 . . 60.7 . 55.8 . 70.5 81.1 . . 86.1 . 84.4 . 86.5 . 86.0 . 82.8 . 84.9 . 82.0 . 86.5 
100 80.8 . 81.0 . . 70.5 . 63.8 . 76.4 . 87.8 . 87.5 . 86.1 . 87.6 . 87.2 . 87.2 . 86.1 . 84.4 . 87.4 
120 . 82.9 . 82.5 . 76.4 . 71.2 . 83.9 . 91.2 . 88.2 . 87.3 . 88.7 . 88.1 . 89.1 . 87.0 . 85.6 . 88.2 
150 . 83.3 . 83.1 . 79.0 . 78.5 . 87.7 . 92.2 . 89.2 . 88.2 . 90.1 . 89.1 . 90.5 . 87.8 . 86.1 . 89.0 
180 . 84.0 . 83.9 . 80.2 . 80.5 . 90.6 . 92.9 . 90.0 . 89.0 . 91.1 . 90.1 . 91.5 . 88.8 . 86.7 . 89.6 
210 . 84.4 . 84.4 . 81.1 . 81.8 . 91.5 . 93.5 . 90.6 . 89.3 . 92.0 . 90.7 . 92.4 . 89.8 . 87.5 . 90.1 
; 
Comment Reta E2_100 ------------------------------------------------------------; 
PROC PRINT DATA=Dados; 
RUN; 
ODS OUTPUT PARAMETERESTIMATES=parms1; 
PROC GLM DATA=Dados; 
 Title "Reta1_E2_100"; 
 MODEL Reta1_E2_100=Tempo/SS1; 
RUN; 
proc print noobs data=parms1; 
title "parms_Reta1_E2_100";  
run; 
ODS OUTPUT PARAMETERESTIMATES=parms2; 
PROC GLM DATA=Dados; 
 Title "Reta2_E2_100"; 
 MODEL Reta2_E2_100=Tempo/ noint SS1; 
RUN; 
proc print noobs data=parms2; 
title "parms_Reta2_E2_100";  
run; 
Comment Reta E1_100R ----------------------------------------------------------------------; 
ODS OUTPUT DATA=DADOS PARAMETERESTIMATES=parms1; 
PROC GLM DATA=Dados; 
 Title "Reta1_E2_100R"; 





proc print noobs data=parms1; 
title "parms_Reta1_E2_100R";  
run; 
ODS OUTPUT PARAMETERESTIMATES=parms2; 
PROC GLM DATA=Dados; 
 Title "Reta2_E2_100R"; 
 MODEL Reta2_E2_100R=Tempo/ noint SS1; 
RUN; 
proc print noobs data=parms2; 




input Tempo  E2_70  E2_100  E1_70  E2_40  E1_40R  E1_100  E1_100R  E1_40 E2_40R  E1_70R  
E2_100R  E2_70R  Speed1  Speed2; 
Cards; 
2.5 4.7 7.7 6.1 3.8 5.2 8.2 9.8 5.0 4.0 7.8 7.2 6.4 1.9 2.9 
5 8.0 14.4 10.1 7.1 8.2 13.7 16.2 8.0 6.8 12.4 12.7 10.9 8.1 8.9 
7.5 11.0 20.1 13.9 10.2 11.1 18.8 21.6 10.6 9.5 16.7 18.2 15.2 12.9 16.5 
10 14.4 25.9 17.1 13.1 13.8 23.5 26.7 13.3 12.1 20.4 23.0 19.7 18.7 22.5 
12.5 17.8 30.4 20.1 16.0 16.2 27.8 31.6 15.5 14.9 23.9 27.5 24.1 24.8 27.8 
15 21.3 35.4 22.6 18.9 18.3 32.0 36.1 17.8 17.7 26.9 31.9 28.5 30.3 33.1 
20 28.6 44.4 27.4 24.4 22.3 39.9 44.8 22.0 22.9 33.6 40.5 36.3 37.9 44.4 
25 36.0 52.7 32.7 29.3 25.7 47.0 51.9 26.0 27.6 39.7 48.6 43.6 44.7 50.0 
30 43.2 60.5 36.6 33.6 29.0 53.8 58.2 29.8 32.0 45.4 56.8 49.8 53.8 57.1 
35 50.8 68.1 40.8 38.1 32.1 60.4 63.7 33.7 36.5 51.1 63.2 56.2 62.3 63.1 
40 58.1 75.3 44.6 42.5 35.1 66.0 68.3 37.3 40.5 56.0 69.4 62.5 69.5 69.3 
50 69.4 83.7 54.2 50.6 40.5 71.9 75.5 43.8 48.7 65.2 78.8 71.5 75.7 82.4 
60 79.3 84.9 63.1 58.1 46.3 75.9 80.3 50.0 56.4 74.3 83.3 78.5 80.4 85.3 
80 86.1 86.5 71.8 70.4 55.9 82.9 84.9 60.8 70.6 81.1 86.0 84.4 82.9 86.5 
100 87.5 87.6 79.7 80.8 63.9 87.2 86.1 70.6 81.0 87.8 87.2 86.1 84.4 87.4 
120 88.2 88.7 85.5 82.9 71.7 89.1 87.0 76.5 82.5 89.5 88.1 87.3 85.6 88.2 
150 89.2 90.1 89.3 83.3 78.5 90.5 87.8 79.0 83.1 90.6 89.1 88.2 86.1 89.0 
180 90.0 91.1 92.1 84.0 80.5 91.5 88.8 80.2 83.9 92.0 90.1 89.0 86.7 89.6 
210 90.6 92.0 93.0 84.4 81.8 92.4 89.8 81.1 84.4 92.7 90.7 89.3 87.5 90.1 
; 
PROC PRINT DATA=DadosNlin; 
RUN; 
Comment Reta E2_100 -----------------------------------------------------------------------; 
PROC NLIN DATA=DadosNlin; 
TITLE 'E2_100 NLIN'; 
PARMS  b0 = 8.7806 /*-termo independente da equaçao do periodo tcer-*/ 
 b1 = 1.6366 /*-termo de primeira ordem do período tcer-*/ 
 b2 = 0.6046 /*-termo de primeria ordem do período difusional (com mext x AL1)-*/ 
   knot1 = 45; 
   AL1 = MAX(Tempo-knot1,0); 
MODEL E2_100 = b0 + b1*Tempo + b2*AL1; 
 Output out = a p=E2_100_hat r= Mres; 
 Axis order = (0 to 100 by 10); 
 run; 
Comment Reta E1_100R ----------------------------------------------------------------------; 
PROC NLIN DATA=DadosNlin; 
TITLE 'E2_100R NLIN'; 
PARMS  b0 = 7.2889 /*-termo independente da equaçao do periodo tcer-*/ 
 b1 = 1.5455 /*-termo de primeira ordem do período tcer-*/ 
 b2 = 0.5982 /*-termo de primeria ordem do período difusional (com mext x AL1)-*/ 
   knot1 = 45; 
   AL1 = MAX(Tempo-knot1,0); 
MODEL E2_100R = b0 + b1*Tempo + b2*AL1; 
 Output out = a p=E1_100R_hat r= Mres; 
 Axis order = (0 to 100 by 10); 




Modelo de resultados obtidos com o ajuste – SAS: 
------------------------------------------------------------------------------------------- 
                                            Reta1_E2_100 
                                         The GLM Procedure 
                                    Number of observations    19 
NOTE: Due to missing values, only 12 observations can be used in this analysis. 
------------------------------------------------------------------------------------------- 
Dependent Variable: Reta1_E2_100 
                                                Sum of 
        Source                      DF         Squares     Mean Square    F Value    Pr > F 
        Model                        1     6711.217045     6711.217045     570.20    <.0001 
        Error                       10      117.699622       11.769962 
        Corrected Total             11     6828.916667 
 
                     R-Square     Coeff Var      Root MSE    Reta1_E2_100 Mean 
                     0.982765      7.938460      3.430738             43.21667 
 
        Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
        Tempo                        1     6711.217045     6711.217045     570.20    <.0001 
                                                   Standard 
                 Parameter         Estimate           Error    t Value    Pr > |t| 
                 Intercept      8.780586157      1.74943782       5.02      0.0005 
                 Tempo          1.636566202      0.06853627      23.88      <.0001 
------------------------------------------------------------------------------------------- 
                                         parms_Reta1_E2_100 
            Dependent      Parameter        Estimate          StdErr     tValue     Probt 
           Reta1_E2_100    Intercept     8.780586157      1.74943782       5.02    0.0005 
           Reta1_E2_100    Tempo         1.636566202      0.06853627      23.88    <.0001 
------------------------------------------------------------------------------------------- 
                                            Reta2_E2_100 
                                         The GLM Procedure 
                                    Number of observations    19 
NOTE: Due to missing values, only 7 observations can be used in this analysis. 
------------------------------------------------------------------------------------------- 
Dependent Variable: Reta2_E2_100 
                                                Sum of 
        Source                      DF         Squares     Mean Square    F Value    Pr > F 
        Model                        1     48759.99851     48759.99851      46.05    0.0005 
        Error                        6      6352.93149      1058.82192 
        Uncorrected Total            7     55112.93000 
 
                     R-Square     Coeff Var      Root MSE    Reta2_E2_100 Mean 
                     0.884729      36.68494      32.53954             88.70000 
NOTE: No intercept term is used: R-square is not corrected for the mean. 
        Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
        Tempo                        1     48759.99851     48759.99851      46.05    0.0005 
                                                   Standard 
                 Parameter         Estimate           Error    t Value    Pr > |t| 
                 Tempo         0.6045802099      0.08909094       6.79      0.0005 
------------------------------------------------------------------------------------------- 
                                         parms_Reta2_E2_100 
            Dependent      Parameter        Estimate          StdErr     tValue     Probt 





                                           Reta1_E2_100R 
                                         The GLM Procedure 
                                    Number of observations    19 
NOTE: Due to missing values, only 12 observations can be used in this analysis. 
------------------------------------------------------------------------------------------- 
Dependent Variable: Reta1_E2_100R 
                                                Sum of 
        Source                      DF         Squares     Mean Square    F Value    Pr > F 
        Model                        1     5988.007500     5988.007500     718.77    <.0001 
        Error                       10       83.309166        8.330917 
        Corrected Total             11     6071.316667 
 
                     R-Square     Coeff Var      Root MSE    Reta1_E2_100R Mean 
                     0.986278      7.249057      2.886333              39.81667 
 
        Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
        Tempo                        1     5988.007500     5988.007500     718.77    <.0001 
                                                   Standard 
                 Parameter         Estimate           Error    t Value    Pr > |t| 
                 Intercept      7.288900436      1.47182905       4.95      0.0006 
                 Tempo          1.545874039      0.05766062      26.81      <.0001 
------------------------------------------------------------------------------------------- 
                                        parms_Reta1_E2_100R 
            Dependent      Parameter        Estimate          StdErr     tValue     Probt 
          Reta1_E2_100R    Intercept     7.288900436      1.47182905       4.95    0.0006 
          Reta1_E2_100R    Tempo         1.545874039      0.05766062      26.81    <.0001 
------------------------------------------------------------------------------------------- 
                                           Reta2_E2_100R 
                                         The GLM Procedure 
                                    Number of observations    19 
NOTE: Due to missing values, only 7 observations can be used in this analysis. 
------------------------------------------------------------------------------------------- 
Dependent Variable: Reta2_E2_100R 
                                                Sum of 
        Source                      DF         Squares     Mean Square    F Value    Pr > F 
        Model                        1     47736.43178     47736.43178      45.85    0.0005 
        Error                        6      6247.21822      1041.20304 
        Uncorrected Total            7     53983.65000 
 
                     R-Square     Coeff Var      Root MSE    Reta2_E2_100R Mean 
                     0.884276      36.75732      32.26768              87.78571 
NOTE: No intercept term is used: R-square is not corrected for the mean. 
        Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
        Tempo                        1     47736.43178     47736.43178      45.85    0.0005 
                                                   Standard 
                 Parameter         Estimate           Error    t Value    Pr > |t| 
                 Tempo         0.5982008996      0.08834659       6.77      0.0005 
------------------------------------------------------------------------------------------- 
                                        parms_Reta2_E2_100R 
            Dependent      Parameter        Estimate          StdErr     tValue     Probt 
          Reta2_E2_100R      Tempo      0.5982008996      0.08834659       6.77    0.0005 
------------------------------------------------------------------------------------------- 





                                             E2_100 NLIN 
                                         The NLIN Procedure 
                                     Dependent Variable E2_100 
                                        Method: Gauss-Newton 
                                          Iterative Phase 
                                                                            Sum of 
                  Iter          b0          b1          b2       knot1     Squares 
                     0      8.7806      1.6366      0.6046     45.0000      314760 
                     1      6.8831      1.7738     -1.7233     48.8833       691.7 
                     2      6.8831      1.7738     -1.7233     43.6376     37.8984 
                  NOTE: Convergence criterion met. 
                                         Estimation Summary 
                                Method                  Gauss-Newton 
                                Iterations                         2 
                                R                                  0 
                                PPC                                0 
                                RPC(knot1)                   0.10731 
                                Object                      0.945206 
                                Objective                   37.89845 
                                Observations Read                 19 
                                Observations Used                 19 
                                Observations Missing               0 
                                               Sum of        Mean               Approx 
             Source                    DF     Squares      Square    F Value    Pr > F 
             Model                      3     15976.1      5325.4    2107.75    <.0001 
             Error                     15     37.8984      2.5266 
             Corrected Total           18     16014.0 
                                                  Approx 
                    Parameter      Estimate    Std Error    Approximate 95% Confidence 
Limits 
                    b0               6.8831       0.8763      5.0153      8.7509 
                    b1               1.7738       0.0399      1.6888      1.8587 
                    b2              -1.7233       0.0412     -1.8111     -1.6355 
                    knot1           43.6376       0.8555     41.8141     45.4611 
                                  Approximate Correlation Matrix 
                                  b0              b1              b2           knot1 
               b0          1.0000000      -0.8371897       0.8097552       0.3931134 
               b1         -0.8371897       1.0000000      -0.9672303      -0.6819169 
               b2          0.8097552      -0.9672303       1.0000000       0.5242545 
               knot1       0.3931134      -0.6819169       0.5242545       1.0000000 
------------------------------------------------------------------------------------------- 
                                            E2_100R NLIN 
                                         The NLIN Procedure 
                                     Dependent Variable E2_100R 
                                        Method: Gauss-Newton 
                                          Iterative Phase 
                                                                            Sum of 
                  Iter          b0          b1          b2       knot1     Squares 
                     0      7.2889      1.5455      0.5982     45.0000      276086 
                     1      5.7008      1.6607     -1.5996     42.1177       370.7 
                     2      5.7007      1.6607     -1.5996     46.0779     49.6455 
                  NOTE: Convergence criterion met. 
                                         Estimation Summary 




                                Iterations                         2 
                                R                                  0 
                                PPC                                0 
                                RPC(knot1)                  0.094027 
                                Object                      0.866067 
                                Objective                   49.64554 
                                Observations Read                 19 
                                Observations Used                 19 
                                Observations Missing               0 
                                               Sum of        Mean               Approx 
             Source                    DF     Squares      Square    F Value    Pr > F 
             Model                      3     16234.0      5411.3    1634.99    <.0001 
             Error                     15     49.6455      3.3097 
             Corrected Total           18     16283.6 
                                                  Approx 
                    Parameter      Estimate    Std Error    Approximate 95% Confidence 
Limits 
                    b0               5.7007       1.0030      3.5630      7.8385 
                    b1               1.6607       0.0456      1.5635      1.7579 
                    b2              -1.5996       0.0472     -1.7001     -1.4991 
                    knot1           46.0779       1.0944     43.7453     48.4104 
                                  Approximate Correlation Matrix 
                                  b0              b1              b2           knot1 
               b0          1.0000000      -0.8371897       0.8097552       0.4321802 
               b1         -0.8371897       1.0000000      -0.9672303      -0.7209298 
               b2          0.8097552      -0.9672303       1.0000000       0.5711024 
               knot1       0.4321802      -0.7209298       0.5711024       1.0000000  
Cromatograma de extrato de cravo analisado no Cromatógrafo à Gás. 










PROTOCOLO BÁSICO – CROMATOGRAFIA EM CAMADA DELGADA (CCD) 
O Apêndice E contém informações sobre a metodologia de identificação de 
compostos presentes em extrato de cravo-da-índia por meio de cromatografia em camada 




MATÉRIA PRIMA: CRAVO-DA-ÍNDIA 
DETERMINAÇÃO DE ÓLEO VOLÁTIL 
Tipo de cromatoplaca 
Cromatoplacas de Sílica sem UV sensível (Merck, Sílica Gel, Darmstadt, Alemanha). 
Preparação das cromatoplacas 
Manter a cromatoplaca em estufa (Tecnal, TE 631, Piracicaba, SP), a 60°C por 30 min; logo 
após, coloca-las em dessecador por 30 min para resfriamento. 
Revelador Anisaldeído (óleo volátil, saponinas, fenilterpenoides)  
Preparação: colocar 50 mL de ácido acético glacial, 1 mL de ácido sulfúrico PA e 0,5 mL 
de anisaldeído, adicionados nesta ordem. 
Diluição dos extratos vegetais 
Fazer diluição do óleo de cravo na concentração de 20 mg/mL em solvente tolueno. Os 
padrões eugenol, acetato de eugenila, α-humuleno e β-cariofileno devem ser diluídos na 
concentração de 5 mg/mL em solvente tolueno. 
Fase móvel 
Tolueno-Acetato de etila (93:7) (v/v) 
CORRIDA DA FASE MÓVEL 
a. A placa deve ser colocada cuidadosamente na cuba, levando-se em consideração que a cuba 
deve estar sobre superfície regular para evitar que haja deslocamento da corrida. 
b. Preparar a fase móvel minutos antes da corrida. Refazer a fase móvel após tempo superior 
2 h para garantir que a proporção de solventes na fase móvel não esteja diferente da 
desejada. 
c. A fase móvel deverá atingir a margem superior localizada a 1 cm da borda da cromatofolha. 
A cromatoplaca deverá ser retirada com pinça e levada até o suporte de madeira 
confeccionado especialmente para fixação da placa durante a aplicação do revelador.  
d. Aplicar o revelador sobre a placa. Aquecer imediatamente a placa a 100°C em estufa à 
vácuo até a completa revelação dos compostos (alguns minutos). A leitura é feita na luz 





DETERMINAÇÃO DE ALCALOIDES 
Cromatoplacas de Sílica sem UV sensível (Merck, Sílica Gel, Darmstadt, Alemanha).  
Preparação das cromatoplacas 
Manter a cromatoplaca em estufa (Tecnal, TE 631, Piracicaba, SP), a 60°C por 30 min; logo 
após, coloca-las em dessecador por 30 min para resfriamento. 
Revelador Dragendorff (Alcaloides) 
Solução A: 
0,85 g de subnitrato de bismuto 
10 mL de ácido acético 
40 mL de água 
Solução B 
8 g de iodeto de potássio 
20 mL de água 
Deve-se armazenar na geladeira a seguinte proporção de solução reserva: A:B (1:1) 
Para pulverizar na cromatoplaca (deve ser preparado no momento da pulverização): 
1 mL da solução reserva 
2 mL de ácido acético 
10 mL de água 
Diluição dos extratos vegetais 
Fazer diluição do óleo de cravo na concentração de 20 mg/mL em solvente tolueno. Os 
padrões eugenol, acetato de eugenila, α-humuleno e β-cariofileno devem ser diluídos na 
concentração de 5 mg/mL em solvente tolueno. Colocar 10 μL de extrato ou de padrão.  
Fase móvel:  Tolueno – Acetato de Etila - Dietilamina (70:20:10) (v/v) 
CORRIDA DA FASE MÓVEL 
A placa deve ser colocada cuidadosamente na cuba, levando-se em consideração que a cuba 
deve estar sobre superfície regular para evitar que haja deslocamento da corrida.  
Preparar a fase móvel minutos antes da corrida. Refazer a fase móvel após tempo superior 2 
h para garantir que a proporção de solventes na fase móvel não esteja diferente da desejada. 
A fase móvel deverá atingir a margem superior localizada a 1 cm da borda da cromatofolha. 
A cromatoplaca deverá ser retirada com pinça e levada até o suporte de madeira confeccionado 
especialmente para fixação da placa durante a aplicação do revelador. 
Aplicar o revelador sobre a placa. A leitura é feita em luz visível, e em cabine UV (Entela, 
modelo UVGL-58, Multiband UV-254/366nm, Upland, EUA) em comprimento de onda de 254 nm 





DETERMINAÇÃO DE FLAVONOIDES 
Cromatoplacas de Sílica UV sensível (Merck, Sílica Gel F254, Darmstadt, Alemanha).  
Preparação das cromatoplacas 
Manter a cromatoplaca em estufa (Tecnal, TE 631, Piracicaba, SP), a 60°C por 30 min; logo 
após, coloca-las em dessecador por 30 min para resfriamento. 
Revelador DPPH (Compostos Antioxidantes) 
O revelador específico para flavonóides, conhecido como NP-PEG, deve ser preparado com 
0,5 g de aminoethil-dipheniylborinate (Sigma, St. Souis, EUA) em 50 mL de metanol.  
Diluição dos extratos vegetais 
Fazer diluição do óleo de cravo na concentração de 20 mg/mL em solvente tolueno. Os 
padrões eugenol, acetato de eugenila, α-humuleno e β-cariofileno devem ser diluídos na 
concentração de 5 mg/mL em solvente tolueno. Colocar 10 μL de extrato ou de padrão.  
Fase móvel 
Acetato de Etila: Ácido Fórmico: Ácido Acético: Água (67,5:7,5:7,5:17,5) (v/v) 
CORRIDA DA FASE MÓVEL 
A placa deve ser colocada cuidadosamente na cuba, levando-se em consideração que a cuba 
deve estar sobre superfície regular para evitar que haja deslocamento da corrida. 
Preparar a fase móvel minutos antes da corrida. Refazer a fase móvel após tempo superior 2 
h para garantir que a proporção de solventes na fase móvel não esteja diferente da desejada.  
A fase móvel deverá atingir a margem superior localizada a 1 cm da borda da cromatofolha. 
A cromatoplaca deverá ser retirada com pinça e levada até o suporte de madeira confeccionado 
especialmente para fixação da placa durante a aplicação do revelador. 
Aplicar o revelador sobre a placa. Deixar a placa secar por alguns instantes após a aplicação 
do revelador. A leitura da cromatofolha deve ser realizada em cabine UV (Entela, modelo UVGL-






Figura E.1: CCD dos extratos de cravo-da-índia obtidos ao longo da cinética de extração na fase 1 – 
velocidade constante (corrida experimental E2-A) e comparação das bandas com os padrões para 
óleo volátil: AcEu (Acetato de Eugenila), Eu (Eugenol), α-H (α-Humuleno) e β-C (β-Cariofileno). 
Os números correspondem aos valores crescentes de intervalo de tempo, em min: 0-2,5; 2,5-5; 5-
7,5; 7,5-80; 80-120; 120-150; 150-180. 
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DADOS EXPERIMENTAIS DE OBTENÇÃO DE EXTRATO DE ALECRIM POR SFE 
O Apêndice F compreende os dados experimentais da parte referente ao Capítulo 6 
desta tese. Tanto informações de rendimento de extrato e vazão de solvente quanto rotinas 
de ajuste do modelo spline, cromatogramas de análise e parâmetros cinéticos são 
apresentados no presente apêndice. 
Nomenclatura 
Símbolo Descrição Unidade 
CER Taxa constante de extração - 
tCER Final do período CER min 
MCER Taxa de transferência de massa no período 
CER 
g extrato/min 
RCER Rendimento de extrato no período CER %, g extrato/100 g de extraível 
YCER Razão mássica de soluto na fase fluida na saída 
do extrato para o período CER 
g extrato/kg de solvente 
FER Taxa decrescente de extração - 
tFER Final do período FER min 
MFER Taxa de transferência de massa no período 
FER 
g extrato/min 
RFER Rendimento de extrato no período FER %, g extrato/100 g de extraível 
YFER Razão mássica de soluto na fase fluida na saída 
do extrato para o período FER 
g extrato/kg de solvente 
Rend. acum. Rendimento acumulado %, g extrato/100 g de alecrim 
Rend rel Rendimento relativo %, g extrato/100 g de extraível 
S/F Razão de massa de solvente por massa de 
matéria-prima 
- 
DP Despressurização - 





CORRIDA EXPERIMENTAL 1 Extrator E-1 
Massa alecrim (g) 475,0 Vazão CO 2 (L/min) 9,50 
Massa seca alecrim (g) 430,4 Vazão CO 2 (g/min) 17,28 
Tempo (min) S/F T saída (°C) Extrato (g) Extrato acum (g) Rend acum (%) Rend relat (%) 
5 0,18 38 1,8124 1,8124 0,42 8,3 
10 0,38 40 1,5297 3,3421 0,78 15,2 
15 0,57 39 1,4628 4,8049 1,12 21,9 
20 0,77 39 1,1107 5,9156 1,37 27,0 
30 1,16 41 1,8267 7,7423 1,80 35,3 
40 1,58 41 1,3672 9,1095 2,12 41,5 
50 2,00 42 1,0375 10,1470 2,36 46,2 
60 2,42 42 0,8958 11,0428 2,57 50,3 
80 3,25 41 1,1891 12,2319 2,84 55,7 
100 4,04 39 1,1772 13,4091 3,12 61,1 
120 4,85 40 1,0192 14,4283 3,35 65,7 
150 6,07 40 1,1126 15,5409 3,61 70,8 
180 7,24 40 0,7386 16,2795 3,78 74,2 
210 8,39 39 0,6339 16,9134 3,93 77,1 
240 9,52 40 0,6021 17,5155 4,07 79,8 
270 10,72 41 0,5355 18,0510 4,19 82,2 
300 11,92 40 0,5438 18,5948 4,32 84,7 
330 13,08 40 0,4451 19,0399 4,42 86,8 
360 14,30 39 0,4866 19,5265 4,54 89,0 
DP - - 0,1123 19,6388 4,56 89,5 
E-1 S/F-1 
  
Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
9,8 41,0 44,6 0,24 709 0,014 
Extrato FER (g) tFER (min) RFER (%) MFER (g/min) MCO2 FER (g) YFER (g ext/g CO2) 




















S/F (g CO2/g alecrim)
y = 1,0745x + 4,3286
R² = 0,9836
y = 0,295x + 31,314
R² = 0,9857


























CORRIDA EXPERIMENTAL 2 Extrator E-1 
Massa alecrim (g) 480,0 Vazão CO 2 (L/min) 9,60 
Massa seca alecrim (g) 434,9 Vazão CO 2 (g/min) 17,29 
Tempo (min) S/F T saída (°C) Extrato (g) Extrato acum (g) Rend acum (%) Rend relat (%) 
5 0,19 42 1,7470 1,7470 0,40 7,9 
10 0,38 43 1,4098 3,1568 0,73 14,2 
15 0,57 43 1,2600 4,4168 1,02 19,9 
20 0,76 42 0,9620 5,3788 1,24 24,3 
30 1,16 43 1,5791 6,9579 1,60 31,4 
40 1,58 43 1,2444 8,2023 1,89 37,0 
50 2,00 43 0,9495 9,1518 2,10 41,3 
60 2,41 42 0,8014 9,9532 2,29 44,9 
80 3,22 42 1,1255 11,0787 2,55 50,0 
100 3,98 39 1,1241 12,2028 2,81 55,0 
120 4,81 39 1,0805 13,2833 3,05 59,9 
150 6,00 40 1,1580 14,4413 3,32 65,1 
180 7,12 39 0,9763 15,4176 3,55 69,5 
210 8,27 40 0,7674 16,1850 3,72 73,0 
240 9,45 40 0,8222 17,0072 3,91 76,7 
270 10,66 39 0,6373 17,6445 4,06 79,6 
300 11,88 39 0,7018 18,3463 4,22 82,7 
330 13,08 40 0,5558 18,9021 4,35 85,2 
360 14,30 41 0,4882 19,3903 4,46 87,4 
DP - - 0,5200 19,9103 4,58 89,8 
E-1 S/F-1 (Replicata) 
  
Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
8,2 34,5 36,8 0,24 596 0,014 
Extrato FER (g) tFER (min) RFER (%) MFER (g/min) MCO2 FER (g) YFER (g ext/g CO2) 




















S/F (g CO2/g alecrim)
y = 0,9315x + 4,6316
R² = 0,9812
y = 0,2781x + 27,136
R² = 0,9906


























CORRIDA EXPERIMENTAL 3 Extrator E-1 
Massa alecrim (g) 475,0 Vazão CO 2 (L/min) 3,34 
Massa seca alecrim (g) 430,4 Vazão CO 2 (g/min) 6,00 
Tempo (min) S/F T saída (°C) Extrato (g) Extrato acum (g) Rend acum (%) Rend relat (%) 
5 0,08 42 0,5944 0,5944 0,14 2,7 
10 0,15 41 0,5099 1,1043 0,26 5,0 
15 0,22 41 0,4460 1,5503 0,36 7,1 
20 0,29 41 0,3736 1,9239 0,45 8,8 
30 0,43 41 0,6467 2,5706 0,60 11,7 
40 0,58 41 0,6691 3,2397 0,75 14,8 
50 0,72 41 0,6603 3,9000 0,91 17,8 
60 0,87 40 0,5306 4,4306 1,03 20,2 
80 1,15 39 0,9260 5,3566 1,24 24,4 
100 1,43 39 0,7667 6,1233 1,42 27,9 
120 1,71 40 0,7235 6,8468 1,59 31,2 
150 2,11 41 0,9273 7,7741 1,81 35,4 
180 2,53 40 0,7011 8,4752 1,97 38,6 
210 2,95 39 0,5999 9,0751 2,11 41,3 
240 3,37 40 0,6640 9,7391 2,26 44,4 
270 3,79 40 0,5406 10,2797 2,39 46,8 
300 4,20 40 0,4064 10,6861 2,48 48,7 
330 4,63 40 0,4367 11,1228 2,58 50,7 
360 5,03 40 0,4074 11,5302 2,68 52,5 
DP - - 0,3788 11,9090 2,77 54,3 
E-1 S/F-2 
  
Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
4,4 56,2 20,1 0,08 337 0,013 
Extrato FER (g) tFER (min) RFER (%) MFER (g/min) MCO2 FER (g) YFER (g ext/g CO2) 




















S/F (g CO2/g alecrim)
y = 0,3128x + 2,0023
R² = 0,9938
y = 0,1571x + 12,05
R² = 0,9972


























CORRIDA EXPERIMENTAL 4 Extrator E-2 
Massa alecrim (g) 475,0 Vazão CO 2 (L/min) 9,63 
Massa seca alecrim (g) 430,4 Vazão CO 2 (g/min) 17,35 
Tempo (min) S/F T saída (°C) Extrato (g) Extrato acum (g) Rend acum (%) Rend relat (%) 
5 0,19 38 1,7672 1,7672 0,41 8,1 
10 0,38 40 1,8093 3,5765 0,83 16,3 
15 0,57 39 1,7041 5,2806 1,23 24,1 
20 0,77 39 1,5062 6,7868 1,58 30,9 
30 1,18 40 2,4730 9,2598 2,15 42,2 
40 1,59 40 1,8745 11,1343 2,59 50,7 
50 2,02 41 1,4604 12,5947 2,93 57,4 
60 2,43 40 1,0093 13,6040 3,16 62,0 
80 3,25 41 1,6219 15,2259 3,54 69,4 
100 4,07 41 1,1292 16,3551 3,80 74,5 
120 4,86 40 0,8895 17,2446 4,01 78,6 
150 6,06 40 0,9826 18,2272 4,24 83,0 
180 7,24 40 0,6751 18,9023 4,39 86,1 
210 8,39 40 0,6439 19,5462 4,54 89,1 
240 9,58 40 0,3839 19,9301 4,63 90,8 
270 10,79 40 0,3303 20,2604 4,71 92,3 
300 11,97 40 0,2672 20,5276 4,77 93,5 
330 13,13 40 0,3099 20,8375 4,84 94,9 
360 14,35 40 0,2841 21,1216 4,91 96,2 
DP - - 0,1402 21,2618 4,94 96,9 
E-2 S/F-1 
  
Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
11,2 35,6 51,0 0,32 611 0,018 
Extrato FER (g) tFER (min) RFER (%) MFER (g/min) MCO2 FER (g) YFER (g ext/g CO2) 




















S/F (g CO2/g alecrim)
y = 1,3616x + 2,5107
R² = 0,9918
y = 0,3379x + 40,063
R² = 0,9631


























CORRIDA EXPERIMENTAL 5 Extrator E-2 
Massa alecrim (g) 475,0 Vazão CO 2 (L/min) 9,54 
Massa seca alecrim (g) 430,4 Vazão CO 2 (g/min) 17,18 
Tempo (min) S/F T saída (°C) Extrato (g) Extrato acum (g) Rend acum (%) Rend relat (%) 
5 0,18 37 1,8693 1,8693 0,43 8,5 
10 0,36 38 1,9388 3,8081 0,88 17,4 
15 0,54 40 1,9197 5,7278 1,33 26,1 
20 0,73 42 1,7735 7,5013 1,74 34,2 
30 1,15 43 1,8581 9,3594 2,17 42,6 
40 1,56 43 1,8320 11,1914 2,60 51,0 
50 1,98 42 1,2518 12,4432 2,89 56,7 
60 2,41 42 0,9959 13,4391 3,12 61,2 
80 3,23 40 1,3050 14,7441 3,43 67,2 
100 4,04 40 1,0113 15,7554 3,66 71,8 
120 4,86 39 0,8283 16,5837 3,85 75,6 
150 6,08 40 1,0767 17,6604 4,10 80,5 
180 7,27 41 0,6801 18,3405 4,26 83,6 
210 8,47 40 0,5977 18,9382 4,40 86,3 
240 9,65 39 0,4168 19,3550 4,50 88,2 
270 10,84 40 0,3847 19,7397 4,59 89,9 
300 12,05 40 0,3309 20,0706 4,66 91,4 
330 13,11 40 0,2640 20,3346 4,73 92,6 
360 14,27 41 0,3771 20,7117 4,81 94,4 
DP - - 0,1132 20,8249 4,84 94,9 
E-2 S/F-1 (Replicata) 
  
Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
11,2 34,2 50,8 0,33 587 0,019 
Extrato FER (g) tFER (min) RFER (%) MFER (g/min) MCO2 FER (g) YFER (g ext/g CO2) 




















S/F (g CO2/g alecrim)
y = 1,3775x + 3,7091
R² = 0,9702
y = 0,2968x + 41,627
R² = 0,9634


























CORRIDA EXPERIMENTAL 6 Extrator E-2 
Massa alecrim (g) 475,0 Vazão CO 2 (L/min) 3,33 
Massa seca alecrim (g) 430,4 Vazão CO 2 (g/min) 6,00 
Tempo (min) S/F T saída (°C) Extrato (g) Extrato acum (g) Rend acum (%) Rend relat (%) 
5 0,09 43 0,5295 0,5295 0,12 2,4 
10 0,15 42 0,5840 1,1135 0,26 5,1 
15 0,22 42 0,7306 1,8441 0,43 8,4 
20 0,28 43 0,7434 2,5875 0,60 11,8 
30 0,41 43 1,5533 4,1408 0,96 18,9 
40 0,56 42 1,6484 5,7892 1,35 26,4 
50 0,69 42 1,1906 6,9798 1,62 31,8 
60 0,86 41 1,2246 8,2044 1,91 37,4 
80 1,16 41 1,9696 10,1740 2,36 46,4 
100 1,46 39 1,3247 11,4987 2,67 52,4 
120 1,71 38 0,8711 12,3698 2,87 56,4 
150 2,15 38 0,9401 13,3099 3,09 60,6 
180 2,56 39 0,8223 14,1322 3,28 64,4 
210 2,97 40 0,7537 14,8859 3,46 67,8 
240 3,38 41 0,5700 15,4559 3,59 70,4 
270 3,81 40 0,5827 16,0386 3,73 73,1 
300 4,20 39 0,4819 16,5205 3,84 75,3 
330 4,60 40 0,4432 16,9637 3,94 77,3 
360 5,02 40 0,3847 17,3484 4,03 79,0 
DP - - 0,3538 17,7022 4,11 80,7 
E-2 S/F-2 
  
Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
10,0 71,3 45,7 0,14 428 0,023 
Extrato FER (g) tFER (min) RFER (%) MFER (g/min) MCO2 FER (g) YFER (g ext/g CO2) 




















S/F (g CO2/g alecrim)
y = 0,6548x - 1,069
R² = 0,9977
y = 0,2001x + 31,411
R² = 0,9678


























CORRIDA EXPERIMENTAL 7 Extrator E-2 
Massa alecrim (g) 475,0 Vazão CO 2 (L/min) 3,32 
Massa seca alecrim (g) 430,4 Vazão CO 2 (g/min) 5,98 
Tempo (min) S/F T saída (°C) Extrato (g) Extrato acum (g) Rend acum (%) Rend relat (%) 
5 0,06 39 0,4962 0,4962 0,12 2,3 
10 0,12 40 0,8988 1,3950 0,32 6,4 
15 0,18 41 0,8535 2,2485 0,52 10,2 
20 0,26 40 1,1863 3,4348 0,80 15,6 
30 0,41 40 1,9606 5,3954 1,25 24,6 
40 0,55 40 1,4414 6,8368 1,59 31,2 
50 0,70 40 1,5274 8,3642 1,94 38,1 
60 0,86 41 1,1580 9,5222 2,21 43,4 
80 1,15 41 1,8185 11,3407 2,64 51,7 
100 1,47 41 1,3326 12,6733 2,94 57,7 
120 1,76 40 0,8127 13,4860 3,13 61,4 
150 2,20 40 0,9507 14,4367 3,35 65,8 
180 2,61 38 0,8125 15,2492 3,54 69,5 
210 2,99 39 0,8057 16,0549 3,73 73,2 
240 3,38 41 0,6461 16,7010 3,88 76,1 
270 3,79 41 0,4971 17,1981 4,00 78,4 
300 4,24 40 0,4296 17,6277 4,10 80,3 
330 4,62 41 0,5721 18,1998 4,23 82,9 
360 5,00 40 0,3589 18,5587 4,31 84,6 
DP - - 0,1788 18,7375 4,35 85,4 
E-2 S/F-2 (Replicata) 
  
Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
11,0 66,0 50,0 0,17 395 0,028 
Extrato FER (g) tFER (min) RFER (%) MFER (g/min) MCO2 FER (g) YFER (g ext/g CO2) 




















S/F (g CO2/g alecrim)
y = 0,7655x - 0,5465
R² = 0,9921
y = 0,1967x + 37,009
R² = 0,9671


























CORRIDA EXPERIMENTAL 8 Extrator E-1 
Massa alecrim (g) 475,0 Vazão CO 2 (L/min) 3,35 
Massa seca alecrim (g) 430,4 Vazão CO 2 (g/min) 6,02 
Tempo (min) S/F T saída (°C) Extrato (g) Extrato acum (g) Rend acum (%) Rend relat (%) 
5 0,06 40 0,4804 0,4804 0,11 2,2 
10 0,13 40 0,5825 1,0629 0,25 4,8 
15 0,20 40 0,4556 1,5185 0,35 6,9 
20 0,28 49 0,5438 2,0623 0,48 9,4 
30 0,43 40 0,8576 2,9199 0,68 13,3 
40 0,58 40 0,6205 3,5404 0,82 16,1 
50 0,73 40 0,5693 4,1097 0,95 18,7 
60 0,87 40 0,3975 4,5072 1,05 20,5 
80 1,15 40 0,7845 5,2917 1,23 24,1 
100 1,43 40 0,6059 5,8976 1,37 26,9 
120 1,71 40 0,5187 6,4163 1,49 29,2 
150 2,12 40 0,6533 7,0696 1,64 32,2 
180 2,52 40 0,5804 7,6500 1,78 34,9 
210 2,94 40 0,5163 8,1663 1,90 37,2 
240 3,36 40 0,4678 8,6341 2,01 39,3 
270 3,77 41 0,5590 9,1931 2,14 41,9 
300 4,21 41 0,4375 9,6306 2,24 43,9 
330 4,61 41 0,4210 10,0516 2,34 45,8 
360 5,02 41 0,4150 10,4666 2,43 47,7 
DP - - 0,3576 10,8242 2,52 49,3 
E-1 S/F-2 (Replicata) 
  
Extrato CER (g) tCER (min) RCER (%) MCER (g/min) MCO2 CER (g) YCER (g ext/g CO2) 
4,4 51,2 20,1 0,09 308 0,014 
Extrato FER (g) tFER (min) RFER (%) MFER (g/min) MCO2 FER (g) YFER (g ext/g CO2) 




















S/F (g CO2/g alecrim)
y = 0,3345x + 1,8752
R² = 0,9763
y = 0,115x + 15,162
R² = 0,9938


























Modelo de rotina de ajuste - SAS 
/* -------------------------------------------------------------------- */ 
/* Departamento de Engenharia de Alimentos - DEA / Unicamp              */ 
/* Ajuste das curvas experimentais no SAS                               */ 
/* Giovani Zabot e Moysés Naves de Moraes - LASEFI                      */ 
/* Campinas 30 de setembro de 2013                                      */ 
/* -------------------------------------------------------------------- */ 
 
/* --[Cabeçalho]------------------------------------------------------- */ 
   Options NoDate NoNumber PS=100 LS=100 FormDLim='-'; 
   Title'Ensaio Cinético ALECRIM: 300bar/40oC CO2 - Giovani e Moysés'; 
   FootNote; 
/*----Leitura interna dos dados utilizando o Proc Import]-------------- */ 
Data Dados; 
input 
Tempo Reta1_E2_40 Reta2_E2_40 Reta3_E2_40 Reta1_E2_40R  Reta2_E2_40R  Reta3_E2_40R  
Reta1_E1_40  Reta2_E1_40 Reta3_E1_40 Reta1_E1_40R Reta2_E1_40R  Reta3_E1_40R  Reta1_E2_100 
Reta2_E2_100 Reta3_E2_100  Reta1_E2_100R Reta2_E2_100R Reta3_E2_100R Reta1_E1_100 Reta2_E1_100  
Reta3_E1_100 Reta1_E1_100R Reta2_E1_100R Reta3_E1_100R    
Cards; 
5 2.4 . . 2.3 . . 2.7 . . 2.2 . . 8.0 . . 8.5 . . 8.3 . . 7.9 . . 
10 5.1 . . 6.4 . . 5.0 . . 4.8 . . 16.3 . . 17.3 . . 15.2 . . 14.2 . . 
15 8.4 . . 10.2 . . 7.1 . . 6.9 . . 24.1 . . 26.1 . . 21.9 . . 19.9 . . 
20 11.8 . . 15.6 . . 8.8 . . 9.4 . . 30.9 . . 34.2 . . 27.0 . . 24.3 . . 
30 18.9 . . 24.6 . . 11.7 . . 13.3 . . 42.2 . . 42.6 . . 35.3 . . 31.4 . . 
40 26.4 . . 31.1 . . 14.8 . . 16.1 . . . 50.7 . . 51.0 . . 41.5 . . 37.0 . 
50 31.8 . . 38.1 . . 17.8 . . 18.7 . . . 57.4 . . 56.7 . . 46.2 . . 41.3 . 
60 37.4 . . 43.4 . . 20.2 . . 20.5 . . . 62.0 . . 61.2 . . 50.3 . . 44.9 . 
80 . 46.3 . . 51.7 . . 24.4 . . 24.1 . . 69.4 . . 67.2 . . 55.7 . . 50.0 . 
100 . 52.4 . . 57.7 . . 27.9 . . 26.9 . . 74.5 . . 71.8 . . 61.1 . . 55.0 . 
120 . 56.3 . . 61.4 . . 31.2 . . 29.2 . . 78.5 . . 75.5 . . 65.7 . . 59.9 . 
150 . 60.6 . . 65.8 . . 35.4 . . 32.2 . . . 83.0 . . 80.4 . . 70.8 . . 65.1 
180 . . 64.4 . . 69.5 . . 38.6 . . 34.8 . . 86.1 . . 83.5 . . 74.2 . . 69.5 
210 . . 67.8 . . 73.1 . . 41.3 . . 37.2 . . 89.0 . . 86.3 . . 77.1 . . 73.0 
240 . . 70.4 . . 76.1 . . 44.4 . . 39.3 . . 90.8 . . 88.2 . . 79.8 . . 76.7 
270 . . 73.1 . . 78.3 . . 46.8 . . 41.9 . . 92.3 . . 89.9 . . 82.2 . . 79.6 
300 . . 75.2 . . 80.3 . . 48.7 . . 43.9 . . 93.5 . . 91.4 . . 84.7 . . 82.7 
330 . . 77.3 . . 82.9 . . 50.7 . . 45.8 . . 94.9 . . 92.6 . . 86.8 . . 85.2 
360 . . 79.0 . . 84.5 . . 52.5 . . 47.7 . . 96.2 . . 94.3 . . 89.0 . . 87.4 
; 
Comment Reta_E2_100 ------------------------------------------------------------; 
PROC PRINT DATA = DADOS; 
RUN; 
ODS OUTPUT PARAMETERESTIMATES=parms1; 
PROC GLM DATA = DADOS; 
        Title "Reta1_E2_100"; 
        MODEL Reta1_E2_100=Tempo/SS1; 
RUN; 
proc print noobs data=parms1; 
title "parms_Reta1_E2_100"; 
run; 
ODS OUTPUT PARAMETERESTIMATES=parms2; 
PROC GLM DATA = DADOS; 
        Title "Reta2_E2_100"; 
        MODEL Reta2_E2_100=Tempo/ noint SS1; 
RUN; 
proc print noobs data=parms2; 
title "parms_Reta2_E2_100"; 
run; 
ODS OUTPUT PARAMETERESTIMATES=parms3; 
PROC GLM DATA = DADOS; 




        MODEL Reta3_E2_100=Tempo/ noint SS1; 
RUN; 
proc print noobs data=parms3; 
title "parms_Reta3_E2_100"; 
run; 
Comment Reta_E2_100R -----------------------------------------------------------; 
ODS OUTPUT PARAMETERESTIMATES=parms1; 
PROC GLM DATA = DADOS; 
        Title "Reta1_E2_100R"; 
        MODEL Reta1_E2_100R=Tempo/SS1; 
RUN; 
proc print noobs data=parms1; 
title "parms_Reta1_E2_100R"; 
run; 
ODS OUTPUT PARAMETERESTIMATES=parms2; 
PROC GLM DATA = DADOS; 
        Title "Reta2_E2_100R"; 
        MODEL Reta2_E2_100R=Tempo/ noint SS1; 
RUN; 
proc print noobs data=parms2; 
title "parms_Reta2_E2_100R"; 
run; 
ODS OUTPUT PARAMETERESTIMATES=parms3; 
PROC GLM DATA = DADOS; 
        Title "Reta3_E2_100R"; 
        MODEL R3E2_100R=Tempo/ noint SS1; 
RUN; 




input Tempo  E2_40  E2_40R  E1_40  E1_40R  E2_100  E2_100R  E1_100  E1_100R; 
Cards; 
5 2.4 2.3 2.7 2.2 8.0 8.5 8.3 7.9 
10 5.1 6.4 5.0 4.8 16.3 17.3 15.2 14.2 
15 8.4 10.2 7.1 6.9 24.1 26.1 21.9 19.9 
20 11.8 15.6 8.8 9.4 30.9 34.2 27.0 24.3 
30 18.9 24.6 11.7 13.3 42.2 42.6 35.3 31.4 
40 26.4 31.1 14.8 16.1 50.7 51.0 41.5 37.0 
50 31.8 38.1 17.8 18.7 57.4 56.7 46.2 41.3 
60 37.4 43.4 20.2 20.5 62.0 61.2 50.3 44.9 
80 46.3 51.7 24.4 24.1 69.4 67.2 55.7 50.0 
100 52.4 57.7 27.9 26.9 74.5 71.8 61.1 55.0 
120 56.3 61.4 31.2 29.2 78.5 75.5 65.7 59.9 
150 60.6 65.8 35.4 32.2 83.0 80.4 70.8 65.1 
180 64.4 69.5 38.6 34.8 86.1 83.5 74.2 69.5 
210 67.8 73.1 41.3 37.2 89.0 86.3 77.1 73.0 
240 70.4 76.1 44.4 39.3 90.8 88.2 79.8 76.7 
270 73.1 78.3 46.8 41.9 92.3 89.9 82.2 79.6 
300 75.2 80.3 48.7 43.9 93.5 91.4 84.7 82.7 
330 77.3 82.9 50.7 45.8 94.9 92.6 86.8 85.2 
360 79.0 84.5 52.5 47.7 96.2 94.3 89.0 87.4 
; 
PROC PRINT DATA = DADOSNLIN; 
RUN; 
Comment Reta_E2_100 ------------------------------------------------------------; 
PROC NLIN DATA = DADOSNLIN; 
TITLE 'E2_100 NLIN'; 




       b1 = 1.3635     /*----termo de primeira ordem do período tcer---*/ 
       b2 = 0.8062     /*----termo de primeira ordem do período tfer---*/ 
       b3 = 0.3358     /*----termo de primeria ordem do período difusional---*/ 
       C1 = 40         /*----tcer---*/ 
       C2 = 120;       /*----tfer---*/ 
       INT = MIN(Tempo,C1); 
       AL1 = MAX(Tempo-C1,0); 
       AL2 = MAX(Tempo-C2,0); 
       AL3 = MAX(Tempo-C2,0); 
MODEL E2_100 = b0 + b1*INT + b2*(AL1-AL2) + b3*AL3; 
        Output out = a p=E2_100_hat r= Mres; 
        Axis order = (0 to 100 by 10); 
        run; 
Comment Reta_E1_100R ----------------------------------------------------------; 
PROC NLIN DATA = DADOSNLIN; 
TITLE 'E2_100R NLIN'; 
PARMS  b0 = 3.6946 
       b1 = 1.3778     /*----termo de primeira ordem do período tcer---*/ 
       b2 = 0.7835     /*----termo de primeira ordem do período tfer---*/ 
       b3 = 0.3272     /*----termo de primeria ordem do período difusional---*/ 
       C1 = 35         /*----tcer---*/ 
       C2 = 115;       /*----tfer---*/ 
       INT = MIN(Tempo,C1); 
       AL1 = MAX(Tempo-C1,0); 
       AL2 = MAX(Tempo-C2,0); 
       AL3 = MAX(Tempo-C2,0); 
MODEL E2_100R = b0 + b1*INT + b2*(AL1-AL2) + b3*AL3; 
        Output out = a p=E2_100R_hat r= Mres; 
        Axis order = (0 to 100 by 5); 




Modelo de resultados obtidos com o ajuste – SAS: 
------------------------------------------------------------------------------------------- 
                                              R1E2_100 
                                         The GLM Procedure 
                                    Number of observations    21 
NOTE: Due to missing values, only 5 observations can be used in this analysis. 
------------------------------------------------------------------------------------------- 
Dependent Variable: R1E2_100 
                                                Sum of 
        Source                      DF         Squares     Mean Square    F Value    Pr > F 
        Model                        1     687.8925676     687.8925676     355.35    0.0003 
        Error                        3       5.8074324       1.9358108 
        Corrected Total              4     693.7000000 
 
                       R-Square     Coeff Var      Root MSE    R1E2_100 Mean 
                       0.991628      5.725655      1.391334         24.30000 
 
        Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
        TEMPO                        1     687.8925676     687.8925676     355.35    0.0003 
                                                   Standard 
                 Parameter         Estimate           Error    t Value    Pr > |t| 
                 Intercept      2.483783784      1.31397639       1.89      0.1551 
                 TEMPO          1.363513514      0.07233202      18.85      0.0003 
------------------------------------------------------------------------------------------- 
                                           parms_R1E2_100 
            Dependent    Parameter        Estimate          StdErr     tValue     Probt 
            R1E2_100     Intercept     2.483783784      1.31397639       1.89    0.1551 
            R1E2_100     TEMPO         1.363513514      0.07233202      18.85    0.0003 
------------------------------------------------------------------------------------------- 
                                              R2E2_100 
                                         The GLM Procedure 
                                    Number of observations    21 
NOTE: Due to missing values, only 6 observations can be used in this analysis. 
------------------------------------------------------------------------------------------- 
Dependent Variable: R2E2_100 
                                                Sum of 
        Source                      DF         Squares     Mean Square    F Value    Pr > F 
        Model                        1     25025.49610     25025.49610     103.19    0.0002 
        Error                        5      1212.61390       242.52278 
        Uncorrected Total            6     26238.11000 
 
                       R-Square     Coeff Var      Root MSE    R2E2_100 Mean 
                       0.953784      23.80608      15.57314         65.41667 
NOTE: No intercept term is used: R-square is not corrected for the mean. 
        Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
        TEMPO                        1     25025.49610     25025.49610     103.19    0.0002 
                                                   Standard 
                 Parameter         Estimate           Error    t Value    Pr > |t| 
                 TEMPO         0.8062337662      0.07936809      10.16      0.0002 
------------------------------------------------------------------------------------------- 
                                           parms_R2E2_100 
            Dependent    Parameter        Estimate          StdErr     tValue     Probt 





                                              R3E2_100 
                                         The GLM Procedure 
                                    Number of observations    21 
NOTE: Due to missing values, only 8 observations can be used in this analysis. 
------------------------------------------------------------------------------------------- 
Dependent Variable: R3E2_100 
                                                Sum of 
        Source                      DF         Squares     Mean Square    F Value    Pr > F 
        Model                        1     62903.26613     62903.26613     142.66    <.0001 
        Error                        7      3086.57387       440.93912 
        Uncorrected Total            8     65989.84000 
 
                       R-Square     Coeff Var      Root MSE    R3E2_100 Mean 
                       0.953227      23.14527      20.99855         90.72500 
NOTE: No intercept term is used: R-square is not corrected for the mean. 
        Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
        TEMPO                        1     62903.26613     62903.26613     142.66    <.0001 
                                                   Standard 
                 Parameter         Estimate           Error    t Value    Pr > |t| 
                 TEMPO         0.3357526882      0.02811074      11.94      <.0001 
------------------------------------------------------------------------------------------- 
                                           parms_R3E2_100 
            Dependent    Parameter        Estimate          StdErr     tValue     Probt 
            R3E2_100       TEMPO      0.3357526882      0.02811074      11.94    <.0001 
------------------------------------------------------------------------------------------- 
                                             R1E2_100R 
                                         The GLM Procedure 
                                    Number of observations    21 
NOTE: Due to missing values, only 5 observations can be used in this analysis. 
------------------------------------------------------------------------------------------- 
Dependent Variable: R1E2_100R 
                                                Sum of 
        Source                      DF         Squares     Mean Square    F Value    Pr > F 
        Model                        1     702.4217297     702.4217297      95.83    0.0023 
        Error                        3      21.9902703       7.3300901 
        Corrected Total              4     724.4120000 
 
                       R-Square     Coeff Var      Root MSE    R1E2_100R Mean 
                       0.969644      10.51831      2.707414          25.74000 
 
        Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
        TEMPO                        1     702.4217297     702.4217297      95.83    0.0023 
                                                   Standard 
                 Parameter         Estimate           Error    t Value    Pr > |t| 
                 Intercept      3.694594595      2.55688246       1.44      0.2442 
                 TEMPO          1.377837838      0.14075175       9.79      0.0023 
------------------------------------------------------------------------------------------- 
                                          parms_R1E2_100R 
            Dependent    Parameter        Estimate          StdErr     tValue     Probt 
            R1E2_100R    Intercept     3.694594595      2.55688246       1.44    0.2442 






                                             R2E2_100R 
                                         The GLM Procedure 
                                    Number of observations    21 
NOTE: Due to missing values, only 6 observations can be used in this analysis. 
------------------------------------------------------------------------------------------- 
Dependent Variable: R2E2_100R 
                                                Sum of 
        Source                      DF         Squares     Mean Square    F Value    Pr > F 
        Model                        1     23631.33945     23631.33945      90.80    0.0002 
        Error                        5      1301.32055       260.26411 
        Uncorrected Total            6     24932.66000 
 
                       R-Square     Coeff Var      Root MSE    R2E2_100R Mean 
                       0.947807      25.24680      16.13270          63.90000 
NOTE: No intercept term is used: R-square is not corrected for the mean. 
        Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
        TEMPO                        1     23631.33945     23631.33945      90.80    0.0002 
                                                   Standard 
                 Parameter         Estimate           Error    t Value    Pr > |t| 
                 TEMPO         0.7834545455      0.08221987       9.53      0.0002 
------------------------------------------------------------------------------------------- 
                                          parms_R2E2_100R 
            Dependent    Parameter        Estimate          StdErr     tValue     Probt 
            R2E2_100R      TEMPO      0.7834545455      0.08221987       9.53    0.0002 
------------------------------------------------------------------------------------------- 
                                             R3E2_100R 
                                         The GLM Procedure 
                                    Number of observations    21 
NOTE: Due to missing values, only 8 observations can be used in this analysis. 
------------------------------------------------------------------------------------------- 
Dependent Variable: R3E2_100R 
                                                Sum of 
        Source                      DF         Squares     Mean Square    F Value    Pr > F 
        Model                        1     59740.96129     59740.96129     148.00    <.0001 
        Error                        7      2825.59871       403.65696 
        Uncorrected Total            8     62566.56000 
 
                       R-Square     Coeff Var      Root MSE    R3E2_100R Mean 
                       0.954839      22.74692      20.09122          88.32500 
NOTE: No intercept term is used: R-square is not corrected for the mean. 
        Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
        TEMPO                        1     59740.96129     59740.96129     148.00    <.0001 
                                                   Standard 
                 Parameter         Estimate           Error    t Value    Pr > |t| 
                 TEMPO         0.3272043011      0.02689609      12.17      <.0001 
------------------------------------------------------------------------------------------- 
                                          parms_R3E2_100R 
            Dependent    Parameter        Estimate          StdErr     tValue     Probt 






                                          parms_R3E2_100R 
 
Obs   TEMPO    E2_40    E2_40R    E1_40    E1_40R    E2_100    E2_100R    E1_100    E1_100R 
 
1       5       2.4      2.3       2.7      2.2       8.0        8.5       8.3        7.9 
2      10       5.1      6.4       5.0      4.8      16.3       17.3      15.2       14.2 
3      15       8.4     10.2       7.1      6.9      24.1       26.1      21.9       19.9 
4      20      11.8     15.6       8.8      9.4      30.9       34.2      27.0       24.3 
5      30      18.9     24.6      11.7     13.3      42.2       42.6      35.3       31.4 
6      40      26.4     31.1      14.8     16.1      50.7       51.0      41.5       37.0 
7      50      31.8     38.1      17.8     18.7      57.4       56.7      46.2       41.3 
8      60      37.4     43.4      20.2     20.5      62.0       61.2      50.3       44.9 
9      80      46.3     51.7      24.4     24.1      69.4       67.2      55.7       50.0 
10     100      52.4     57.7      27.9     26.9      74.5       71.8      61.1       55.0 
11     120      56.3     61.4      31.2     29.2      78.5       75.5      65.7       59.9 
12     150      60.6     65.8      35.4     32.2      83.0       80.4      70.8       65.1 
13     180      64.4     69.5      38.6     34.8      86.1       83.5      74.2       69.5 
14     210      67.8     73.1      41.3     37.2      89.0       86.3      77.1       73.0 
15     240      70.4     76.1      44.4     39.3      90.8       88.2      79.8       76.7 
16     270      73.1     78.3      46.8     41.9      92.3       89.9      82.2       79.6 
17     300      75.2     80.3      48.7     43.9      93.5       91.4      84.7       82.7 
18     330      77.3     82.9      50.7     45.8      94.9       92.6      86.8       85.2 
19     360      79.0     84.5      52.5     47.7      96.2       94.3      89.0       87.4 
------------------------------------------------------------------------------------------- 
                                            E2_100 NLIN 
                                         The NLIN Procedure 
                                     Dependent Variable E2_100 
                                        Method: Gauss-Newton 
                                          Iterative Phase 
                                                                               Sum of 
Iter     b0          b1          b2          b3          C1          C2        Squares 
0      2.4838      1.3635      0.8062      0.3358     40.0000       120.0     52671.6 
1      3.9402      1.2508      0.3182      0.0692     43.1756       119.7     63.1732 
2      4.4059      1.2147      0.3408      0.0692     42.0800       116.2     38.3486 
3      4.4059      1.2147      0.3408      0.0692     42.0064       116.5     38.3300 
 
                  NOTE: Convergence criterion met. 
 
                                         Estimation Summary 
 
                                Method                  Gauss-Newton 
                                Iterations                         3 
                                R                                  0 
                                PPC                                0 
                                RPC(C2)                     0.002526 
                                Object                      0.000487 
                                Objective                   38.32995 
                                Observations Read                 21 
                                Observations Used                 19 
                                Observations Missing               2 
                                               Sum of        Mean               Approx 
             Source                    DF     Squares      Square    F Value    Pr > F 
             Model                      5     14935.6      2987.1    1013.11    <.0001 
             Error                     13     38.3300      2.9485 





                           Approx 
Parameter      Estimate    Std Error   Approximate    95% Confidence Limits 
b0               4.4059      1.3707     1.4446         7.3672 
b1               1.2147      0.0589     1.0875         1.3419 
b2               0.3408      0.0447     0.2443         0.4374 
b3               0.0692     0.00739     0.0533         0.0852 
C1              42.0064      2.4985    36.6087        47.4042 
C2                116.5      8.8394    97.3869          135.6 
------------------------------------------------------------------------------------------- 
                                            E2_100R NLIN 
                                         The NLIN Procedure 
                                     Dependent Variable E2_100R 
                                        Method: Gauss-Newton 
                                          Iterative Phase 
                                                                                    Sum of 
Iter          b0          b1          b2          b3          C1          C2        Squares 
0            3.6946      1.3778      0.7835      0.3272     35.0000       115.0     47421.5 
1            3.6946      1.3778      0.3369      0.0729     33.6830       114.3     49.6822 
2            3.6946      1.3778      0.3369      0.0729     34.2481       113.9     46.0293 
 
                  NOTE: Convergence criterion met. 
 
                                         Estimation Summary 
 
                                Method                  Gauss-Newton 
                                Iterations                         2 
                                R                                  0 
                                PPC                                0 
                                RPC(C1)                     0.016777 
                                Object                      0.073526 
                                Objective                   46.02926 
                                Observations Read                 21 
                                Observations Used                 19 
                                Observations Missing               2 
                                               Sum of        Mean               Approx 
             Source                    DF     Squares      Square    F Value    Pr > F 
             Model                      5     13320.4      2664.1     752.41    <.0001 
             Error                     13     46.0293      3.5407 
             Corrected Total           18     13366.4 
 
                           Approx 
Parameter      Estimate    Std Error    Approximate   95% Confidence Limits 
b0               3.6946       1.7771     -0.1445        7.5337 
b1               1.3778       0.0978      1.1665        1.5892 
b2               0.3369       0.0391      0.2525        0.4213 
b3               0.0729      0.00810      0.0554        0.0904 
C1              34.2481       2.3807     29.1048       39.3913 





                                             E2_100 NLIN 
                                         The NLIN Procedure 
                                     Dependent Variable E2_100 
                                        Method: Gauss-Newton 
                                          Iterative Phase 
                                                            Sum of 
Iter          b0           b1          b2        knot1      Squares 
0            8.7806      1.6366      0.6046     45.0000      314760 
1            6.8831      1.7738     -1.7233     48.8833       691.7 
2            6.8831      1.7738     -1.7233     43.6376     37.8984 
                   
NOTE: Convergence criterion met. 
 
                                         Estimation Summary 
 
                                Method                  Gauss-Newton 
                                Iterations                         2 
                                R                                  0 
                                PPC                                0 
                                RPC(knot1)                   0.10731 
                                Object                      0.945206 
                                Objective                   37.89845 
                                Observations Read                 19 
                                Observations Used                 19 
                                Observations Missing               0 
                                               Sum of        Mean               Approx 
             Source                    DF     Squares      Square    F Value    Pr > F 
             Model                      3     15976.1      5325.4    2107.75    <.0001 
             Error                     15     37.8984      2.5266 
             Corrected Total           18     16014.0 
 
                           Approx 
Parameter      Estimate    Std Error    Approximate 95% Confidence Limits 
b0               6.8831       0.8763      5.0153      8.7509 
b1               1.7738       0.0399      1.6888      1.8587 
b2              -1.7233       0.0412     -1.8111     -1.6355 
knot1           43.6376       0.8555     41.8141     45.4611 
                                  Approximate Correlation Matrix 
                                  b0              b1              b2           knot1 
               b0          1.0000000      -0.8371897       0.8097552       0.3931134 
               b1         -0.8371897       1.0000000      -0.9672303      -0.6819169 
               b2          0.8097552      -0.9672303       1.0000000       0.5242545 






                                            E2_100R NLIN 
                                         The NLIN Procedure 
                                     Dependent Variable E2_100R 
                                        Method: Gauss-Newton 
                                          Iterative Phase 
                                                                            Sum of 
                  Iter          b0          b1          b2       knot1     Squares 
                     0      7.2889      1.5455      0.5982     45.0000      276086 
                     1      5.7008      1.6607     -1.5996     42.1177       370.7 
                     2      5.7007      1.6607     -1.5996     46.0779     49.6455 
 
NOTE: Convergence criterion met. 
 
                                         Estimation Summary 
                                Method                  Gauss-Newton 
                                Iterations                         2 
                                R                                  0 
                                PPC                                0 
                                RPC(knot1)                  0.094027 
                                Object                      0.866067 
                                Objective                   49.64554 
                                Observations Read                 19 
                                Observations Used                 19 
                                Observations Missing               0 
                                               Sum of        Mean               Approx 
             Source                    DF     Squares      Square    F Value    Pr > F 
             Model                      3     16234.0      5411.3    1634.99    <.0001 
             Error                     15     49.6455      3.3097 
             Corrected Total           18     16283.6 
 
                           Approx 
Parameter      Estimate    Std Error    Approximate 95% Confidence Limits 
b0               5.7007       1.0030      3.5630      7.8385 
b1               1.6607       0.0456      1.5635      1.7579 
b2              -1.5996       0.0472     -1.7001     -1.4991 
knot1           46.0779       1.0944     43.7453     48.4104 
                                  Approximate Correlation Matrix 
                                  b0              b1              b2           knot1 
               b0          1.0000000      -0.8371897       0.8097552       0.4321802 
               b1         -0.8371897       1.0000000      -0.9672303      -0.7209298 
               b2          0.8097552      -0.9672303       1.0000000       0.5711024 





Cromatograma de extrato de alecrim analisado obtido por cromatografia à gás. 
1: α-pineno  2: Canfeno  3: 1,8-Cineol  4: Cânfora   5: Borneol  6: α-terpineol  7: trans-cariofileno 
 
Cromatograma de extrato de alecrim obido por cromatografia líquida de alta eficiência. 




MATERIAL SUPLEMENTAR DA VALIDAÇÃO DO MÉTODO DE ANÁLISE DE 
TERPENOS FENÓLICOS 
No Apêndice G estão apresentados os dados suplementares que foram utilizados na 




Table G.1 Influence of the sample (obtained by SFE-CO2) concentration and injection volume on the 
chromatographic performance of the current method 
Dilution/Injection 
Volume Compound tR (min) 
Área × 104 








Baseline × 102 (-) 
1×/10 µL Rosmanol 2.98±0.01 15.4±0.1 6.85±0.01 1.08 2.02±0.03 1.17±0.01 8.5±0.6 
 Carnosol 3.79±0.01 14.0±0.4 8.97±0.01 1.31 21.5±0.1 0.99±0.01 7.9±0.4 
 Carnosic acid 4.27±0.01 8.9±0.1 10.24±0.01 1.14 10.5±0.1 1.13±0.02 9.1±0.4 
 Methyl carnosate 4.64±0.01 7.4±0.2 11.21±0.01 1.04 3.6±0.1 0.99±0.01 7.5±0.4 
1×/20 µL Rosmanol 2.98±0.01 31.3±0.1 6.85±0.02 1.08 1.92±0.01 0.95±0.01 9.4±0.4 
 Carnosol 3.79±0.01 30.4±0.3 8.97±0.02 1.31 18.3±0.2 0.94±0.01 9.0±0.6 
 Carnosic acid 4.27±0.01 18.4±0.1 10.25±0.02 1.14 10.1±0.1 1.14±0.01 9.7±0.5 
 Methyl carnosate 4.65±0.01 15.1±0.2 11.24±0.01 1.04 3.5±0.1 0.99±0.02 7.5±0.6 
1×/30 µL Rosmanol 2.98±0.01 46.1±0.4 6.84±0.01 1.08 1.84±0.01 0.74±0.01 11.6±0.9 
 Carnosol 3.78±0.01 42.0±0.1 8.96±0.02 1.31 16.5±0.3 0.75±0.01 9.2±0.3 
 Carnosic acid 4.27±0.01 27.8±0.3 10.22±0.02 1.14 8.8±0.1 1.09±0.01 10.2±0.9 
 Methyl carnosate 4.63±0.01 22.7±0.4 11.19±0.03 1.04 3.1±0.1 0.97±0.02 8.2±0.4 
1×/40 µL Rosmanol 2.98±0.01 60.9±0.8 6.84±0.02 1.08 1.66±0.02 0.65±0.01 15.9±0.9 
 Carnosol 3.79±0.01 55.7±0.5 8.97±0.02 1.31 17.4±0.1 0.69±0.01 12.4±0.3 
 Carnosic acid 4.27±0.01 36.1±0.1 10.23±0.02 1.14 8.3±0.1 0.87±0.01 12.2±0.3 
 Methyl carnosate 4.63±0.01 29.3±0.3 11.19±0.03 1.04 2.9±0.1 0.82±0.04 9.2±0.7 
1×/50 µL Rosmanol 2.98±0.01 75.0±0.1 6.85±0.01 1.08 1.86±0.06 0.60±0.01 20.6±0.3 
 Carnosol 3.79±0.01 51.3±0.5 8.97±0.01 1.31 17.9±0.1 0.78±0.01 10.0±0.3 
 Carnosic acid 4.27±0.01 45.7±0.5 10.23±0.02 1.14 8.8±0.1 0.74±0.01 15.1±0.4 
 Methyl carnosate 4.64±0.01 38.1±0.6 11.21±0.01 1.04 3.1±0.1 0.72±0.03 11.8±0.8 
2×/10 µL Rosmanol 2.99±0.01 7.8±0.1 6.88±0.03 1.08 1.98±0.03 1.15±0.02 8.3±0.4 
 Carnosol 3.81±0.01 6.8±0.2 9.01±0.03 1.31 21.1±0.1 1.01±0.01 7.5±0.3 
 Carnosic acid 4.30±0.02 4.4±0.1 10.30±0.04 1.14 10.5±0.1 1.11±0.01 8.4±0.3 
 Methyl carnosate 4.66±0.01 3.8±0.1 11.26±0.02 1.04 3.6±0.1 1.00±0.03 7.2±0.5 
2×/20 µL Rosmanol 2.99±0.01 15.8±0.1 6.88±0.03 1.08 1.91±0.02 0.95±0.01 8.7±0.6 
 Carnosol 3.80±0.01 14.6±0.2 9.01±0.03 1.31 18.2±0.1 0.95±0.01 8.2±0.2 
 Carnosic acid 4.30±0.01 9.1±0.1 10.30±0.04 1.14 10.1±0.1 1.10±0.01 8.9±0.3 
 Methyl carnosate 4.65±0.01 7.7±0.3 11.23±0.01 1.04 3.5±0.1 0.99±0.02 7.7±0.1 
2×/30 µL Rosmanol 3.00±0.01 23.4±0.4 6.89±0.02 1.08 1.83±0.01 0.73±0.01 11.3±1.0 
 Carnosol 3.81±0.01 20.2±0.3 9.02±0.01 1.31 16.4±0.1 0.76±0.01 9.4±0.1 
 Carnosic acid 4.30±0.01 13.9±0.2 10.30±0.01 1.14 8.9±0.1 1.05±0.01 10.0±0.8 






Table G.1 Continued 
Dilution/Injection 
Volume Compound tR (min) 
Área × 104 








Baseline × 102 (-) 
2×/40 µL Rosmanol 3.00±0.01 31.1±0.4 6.89±0.02 1.08 1.64±0.02 0.64±0.01 16.0±0.6 
 Carnosol 3.81±0.01 27.2±0.5 9.03±0.03 1.31 17.3±0.1 0.70±0.03 12.4±0.3 
 Carnosic acid 4.30±0.01 17.8±0.1 10.31±0.03 1.14 8.4±0.1 0.84±0.01 11.3±0.3 
 Methyl carnosate 4.65±0.01 15.2±0.2 11.24±0.04 1.04 2.8±0.1 0.82±0.04 10.2±0.2 
2×/50 µL Rosmanol 3.00±0.01 37.8±0.2 6.89±0.03 1.08 1.82±0.06 0.60±0.01 19.4±0.6 
 Carnosol 3.81±0.01 25.1±0.3 9.02±0.04 1.31 17.8±0.1 0.79±0.01 9.7±0.1 
 Carnosic acid 4.30±0.02 22.9±0.2 10.30±0.04 1.14 9.0±0.1 0.73±0.01 15.0±0.1 
 Methyl carnosate 4.66±0.01 19.6±0.4 11.25±0.04 1.04 3.1±0.1 0.71±0.05 12.0±0.9 
3×/10 µL Rosmanol 3.00±0.01 5.3±0.1 6.90±0.01 1.08 1.97±0.02 1.16±0.01 7.7±0.7 
 Carnosol 3.81±0.01 4.4±0.2 9.04±0.01 1.31 21.0±0.1 1.00±0.01 7.9±0.4 
 Carnosic acid 4.31±0.02 2.9±0.1 10.33±0.01 1.14 10.4±0.1 1.06±0.01 8.8±0.8 
 Methyl carnosate 4.67±0.01 2.6±0.2 11.30±0.01 1.04 3.6±0.1 1.00±0.03 7.5±0.7 
3×/20 µL Rosmanol 2.99±0.01 12.3±0.1 6.87±0.01 1.08 1.95±0.01 1.03±0.01 8.8±0.2 
 Carnosol 3.81±0.01 9.4±0.2 9.02±0.01 1.31 18.2±0.1 0.96±0.01 8.1±0.6 
 Carnosic acid 4.30±0.01 6.1±0.1 10.33±0.01 1.14 10.1±0.1 1.07±0.01 9.2±0.1 
 Methyl carnosate 4.67±0.01 5.3±0.2 11.29±0.02 1.04 3.5±0.1 0.99±0.02 7.5±0.3 
3×/30 µL Rosmanol 3.00±0.01 16.0±0.1 6.90±0.03 1.08 1.82±0.01 0.74±0.01 12.2±0.3 
 Carnosol 3.81±0.01 12.5±0.6 9.04±0.03 1.31 16.5±0.1 0.75±0.01 9.1±0.6 
 Carnosic acid 4.30±0.01 9.1±0.1 10.33±0.03 1.14 8.9±0.1 1.03±0.01 9.8±0.9 
 Methyl carnosate 4.68±0.02 7.7±0.1 11.30±0.04 1.04 3.1±0.1 0.95±0.02 7.2±0.6 
3×/40 µL Rosmanol 2.99±0.01 21.3±0.4 6.88±0.01 1.08 1.61±0.01 0.64±0.01 16.8±0.9 
 Carnosol 3.81±0.01 17.8±0.1 9.02±0.02 1.31 17.1±0.1 0.70±0.01 12.7±0.2 
 Carnosic acid 4.30±0.01 11.8±0.1 10.30±0.02 1.14 8.3±0.1 0.83±0.01 12.1±0.3 
 Methyl carnosate 4.67±0.01 10.4±0.1 11.28±0.03 1.04 2.8±0.1 0.82±0.01 9.7±0.6 
3×/50 µL Rosmanol 3.00±0.01 25.7±0.2 6.90±0.01 1.08 1.74±0.04 0.60±0.01 19.3±0.5 
 Carnosol 3.81±0.01 16.4±0.3 9.04±0.01 1.31 17.7±0.1 0.79±0.01 9.7±0.5 
 Carnosic acid 4.30±0.02 14.8±0.1 10.33±0.01 1.14 8.9±0.1 0.72±0.01 14.4±0.1 
 Methyl carnosate 4.67±0.01 13.2±0.2 11.29±0.02 1.04 3.1±0.1 0.71±0.01 11.2±0.7 
4×/10 µL Rosmanol 2.99±0.01 4.0±0.1 6.88±0.01 1.08 1.98±0.01 1.16±0.01 7.1±0.6 
 Carnosol 3.81±0.01 3.2±0.1 9.02±0.02 1.31 21.0±0.1 1.01±0.02 7.4±0.3 
 Carnosic acid 4.31±0.02 2.1±0.1 10.31±0.01 1.14 10.3±0.1 1.08±0.01 8.5±0.2 
 Methyl carnosate 4.67±0.01 1.9±0.1 11.28±0.01 1.04 3.6±0.1 1.02±0.02 7.8±0.5 
4×/20 µL Rosmanol 2.99±0.01 8.1±0.1 6.88±0.01 1.08 1.91±0.01 0.96±0.01 9.3±0.3 
 Carnosol 3.81±0.01 7.0±0.1 9.02±0.02 1.31 18.2±0.1 0.96±0.01 8.3±0.6 
 Carnosic acid 4.30±0.01 4.3±0.1 10.31±0.02 1.14 10.1±0.1 1.09±0.01 9.1±0.6 






Table G.1 Continued 
Dilution/Injection 
Volume Compound tR (min) 
Área × 104 








Baseline × 102 (-) 
4×/30 µL Rosmanol 2.99±0.01 12.0±0.1 6.88±0.01 1.08 1.81±0.02 0.74±0.01 11.6±0.3 
 Carnosol 3.80±0.01 9.7±0.1 9.01±0.01 1.31 16.5±0.1 0.77±0.01 9.2±0.3 
 Carnosic acid 4.29±0.01 6.5±0.1 10.30±0.01 1.14 9.0±0.1 1.03±0.01 10.2±0.9 
 Methyl carnosate 4.66±0.01 5.9±0.1 11.26±0.03 1.04 3.1±0.1 0.96±0.01 8.7±0.3 
4×/40 µL Rosmanol 3.00±0.01 13.5±0.9 6.89±0.02 1.08 1.96±0.09 0.78±0.04 14.0±0.9 
 Carnosol 3.81±0.01 11.3±0.9 9.02±0.02 1.31 17.9±0.8 0.79±0.06 11.2±0.9 
 Carnosic acid 4.30±0.01 7.1±0.8 10.31±0.03 1.14 9.0±0.7 0.92±0.05 10.4±0.7 
 Methyl carnosate 4.65±0.02 7.7±0.1 11.25±0.02 1.04 2.9±0.2 0.83±0.03 8.7±0.1 
4×/50 µL Rosmanol 3.00±0.01 19.5±0.2 6.88±0.01 1.08 1.69±0.01 0.60±0.01 19.8±0.1 
 Carnosol 3.81±0.01 12.2±0.1 9.01±0.02 1.31 17.6±0.1 0.80±0.01 9.7±0.2 
 Carnosic acid 4.30±0.02 10.6±0.1 10.30±0.01 1.14 8.9±0.1 0.72±0.01 15.0±0.9 
 Methyl carnosate 4.66±0.01 10.0±0.2 11.27±0.03 1.04 3.1±0.2 0.72±0.01 11.5±0.7 
5×/all volumes NI - - - - - - - 






DADOS EXPERIMENTAIS DE OBTENÇÃO DE EXTRATO DE ALECRIM POR 
SFE + PWE 
O Apêndice H contém os dados experimentais da parte referente ao Capítulo 7 
desta tese. Tanto informações de rendimento quanto de composição de extrato são 








S/F Rend (g/100 g alec.) T saída (°C) S/F Rend (g/100 g alec.) T saída (°C) Pressão (MPa) 10 0,475 kg
0,5 0,8 39,4 0,5 0,8 39,8
1,0 1,3 41,9 1,0 1,4 41,8 2,375 kg
1,5 1,6 42,5 1,5 1,8 43,0 4,750 kg
2,0 2,0 42,6 2,0 2,2 42,3 46,10% %
2,5 2,3 42,7 2,5 2,4 42,6
S/F Rend (g/100 g alec.) T saída (°C) S/F Rend (g/100 g alec.) T saída (°C) T1 T2 1 2 média
5 0,4 0,7 46,1 0,4 0,5 44,8 46,1 44,8 158 3,4 2,7 3,0
10 0,7 1,1 47,8 0,7 1,0 46,6 47,0 45,7 316 5,4 5,1 5,3
15 1,1 1,3 49,3 1,1 1,5 47,6 47,7 46,3 475 6,4 7,5 7,0
20 1,5 1,7 51,4 1,5 2,0 49,2 48,7 47,1 633 8,5 9,9 9,2
25 1,8 2,2 54,7 1,8 2,5 52,3 49,9 48,1 791 11,0 12,3 11,7
30 2,2 2,6 59,1 2,2 3,1 57,3 51,4 49,6 949 13,1 15,4 14,2
35 2,6 3,0 64,4 2,6 3,7 63,0 53,3 51,5 1107 15,0 18,5 16,7
40 2,9 3,6 70,5 2,9 4,2 69,5 55,4 53,8 1266 18,0 21,0 19,5
45 3,3 4,1 77,6 3,3 4,8 76,7 57,9 56,3 1424 20,6 23,8 22,2
50 3,7 4,7 85,1 3,7 5,3 84,0 60,6 59,1 1582 23,5 26,7 25,1
55 4,0 5,3 93,0 4,0 5,9 91,8 63,5 62,1 1740 26,7 29,6 28,2
60 4,4 6,0 101,3 4,4 6,6 99,7 66,7 65,2 1898 30,0 33,1 31,5
65 4,8 6,8 109,4 4,8 7,5 109,0 70,0 68,6 2057 34,0 37,6 35,8
70 5,2 7,8 117,5 5,2 8,6 117,6 73,4 72,1 2215 39,0 42,9 41,0
75 5,5 9,0 126,5 5,5 9,9 127,1 76,9 75,7 2373 44,8 49,3 47,1
80 5,9 10,3 134,7 5,9 11,4 137,2 80,5 79,6 2531 51,5 57,0 54,3
85 6,3 11,6 142,1 6,3 12,6 145,0 84,1 83,4 2689 58,0 63,0 60,5
90 6,6 12,6 149,7 6,6 13,9 152,1 87,8 87,3 2848 62,8 69,6 66,2
95 7,0 13,7 156,4 7,0 14,8 157,7 91,4 91,0 3006 68,3 74,0 71,1
100 7,4 14,6 159,4 7,4 15,5 162,2 94,8 94,5 3164 72,8 77,5 75,1
105 7,7 15,3 163,3 7,7 16,4 165,5 98,1 97,9 3322 76,3 82,0 79,2
110 8,1 16,1 165,2 8,1 17,0 169,4 101,1 101,2 3481 80,5 85,1 82,8
115 8,5 16,7 166,9 8,5 17,9 172,0 104,0 104,2 3639 83,4 89,5 86,4
120 8,8 17,2 167,7 8,8 18,7 172,6 106,6 107,1 3797 85,8 93,3 89,6

















Extratores de 1 L
Vazão mássica CO2 (g/min)
PWE média T (°C)
massa 
água (g)
























0,5 0,014 0,017 0,022 0,028 0,075 0,219 0,005 0,003 0,003 0,002 
1,0 0,021 0,021 0,034 0,042 0,112 0,308 0,006 0,004 0,004 0,003 
1,5 0,027 0,023 0,043 0,052 0,136 0,359 0,007 0,004 0,005 0,004 
2,0 0,029 0,024 0,045 0,055 0,153 0,393 0,007 0,005 0,005 0,004 
2,5 0,032 0,025 0,049 0,058 0,166 0,418 0,008 0,006 0,005 0,004 
Ensaio 2 (réplica) 
0,5 0,014 0,014 0,021 0,025 0,070 0,198 0,004 0,003 0,002 0,002 
1,0 0,024 0,022 0,035 0,043 0,116 0,319 0,006 0,004 0,004 0,003 
1,5 0,033 0,026 0,049 0,058 0,156 0,418 0,008 0,005 0,005 0,004 
2,0 0,037 0,029 0,053 0,064 0,182 0,476 0,009 0,006 0,005 0,004 
2,5 0,042 0,031 0,060 0,071 0,201 0,520 0,009 0,007 0,006 0,005 
 
 Massa acumulada média de óleo não-volátil (mg CAE/g alecrim) - SFE 
S/F – CO2 RA* CA RO CN MC 
0,5 0,00 0,19 0,15 0,33 0,09 
1,0 0,00 0,38 0,28 0,68 0,19 
1,5 0,00 0,53 0,37 0,97 0,27 
2,0 0,00 0,68 0,44 1,22 0,34 
2,5 0,00 0,82 0,50 1,46 0,41 
S/F - água PWE 
0,5 0,08 0,82 0,55 1,46 0,41 
1,0 0,13 0,82 0,58 1,47 0,41 
1,5 0,19 0,82 0,63 1,48 0,41 
2,0 0,24 0,82 0,68 1,49 0,41 
2,5 0,29 0,82 0,74 1,51 0,41 
3,0 0,36 0,84 0,85 1,53 0,41 
3,5 0,46 0,90 0,99 1,56 0,42 
4,0 0,54 1,00 1,16 1,59 0,44 
4,5 0,57 1,12 1,29 1,65 0,47 
5,0 0,59 1,23 1,40 1,72 0,50 
5,5 0,62 1,41 1,58 1,84 0,55 
6,0 0,63 1,58 1,81 1,97 0,60 
6,5 0,64 1,81 2,10 2,11 0,66 
7,0 0,65 2,14 2,49 2,26 0,74 
7,5 0,66 2,39 2,77 2,37 0,80 
8,0 0,66 2,69 3,10 2,49 0,87 
8,5 0,66 3,02 3,44 2,63 0,96 
9,0 0,67 3,29 3,70 2,73 1,03 
9,5 0,67 3,52 3,95 2,82 1,09 
RA: Ácido rosmarínico; CA: Ácido carnósico; RO: Rosmanol; CN: Carnosol; MC: Carnosato de 
metila; CAE: Equivalente de ácido carnósico, exceto para RA; * mg RA/g alecrim. 
